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PREFACE & ACKNOWLEDGEMENTS 


he principal goal of molecular nanotechnology (MNT) is 

to develop a manufacturing technology able to inexpensively 

manufacture most arrangements of atoms that are consis- 
tent with physical law. In terms of its precision, flexibility, and low 
cost, this will be the ultimate manufacturing technology in human 
history. Two central mechanisms have been proposed to achieve these 
goals at the molecular scale: (1) programmable positional assembly 
and (2) parallel assembly. 

Programmable positional assembly at the molecular scale is the 
central mechanism for achieving both great flexibility in manufac- 
turing and the ultimate in molecular manufacturing precision. (Po- 
sitional assembly is a manufacturing procedure in which compo- 
nents used in a construction are held in known positions and are 
constrained to follow desired intermediate physical pathways 
throughout the entire construction sequence; Chapter 4.) Methods 
for achieving positional assembly at the molecular scale are cur- 
rently under active investigation by many research groups world- 
wide. Some of this work, especially mechanosynthesis work focused 
on positional assembly of diamond and diamond surfaces, will be 
the subject of a future publication.! 

Parallel assembly, whether using self-assembly, large manipula- 
tor arrays, or other self-replicating systems, is the central mecha- 
nism for achieving low cost manufacturing. (Parallel assembly is a 
manufacturing procedure in which a large number of product com- 
ponents or product objects are manipulated simultaneously in or- 
der to build bigger, more complex, or more numerous product ob- 
jects; Section 5.7.) Self-replicating machines can make massively 
parallel manufacturing possible. System architectures by which this 
goal could be achieved, including specific conceptual architectures 
for nanofactories or molecular assemblers that should be capable of 
both molecular manufacturing and mechanical self-replication, are 
one important objective of the present work. 

This book also offers the first general review of the voluminous 
theoretical and experimental literature pertaining to physical self- 
replicating systems since the NASA report and survey on self-repli- 
cating systems (SRS) which was published in the 1980s (more than 
20 years ago). The principal focus here is on self-replicating ma- 
chine systems. Most importantly, we are primarily concerned with 
“kinematic”>* self-replicating machines: machine systems in which 
actual physical objects, not merely patterns of information, under- 
take their own replication in physical space. 

Most of the works described herein are mapped in Figure P.1, 
showing both the chronological development and the conceptual 
lineage. Following a brief burst of activity in the early 1980s, the 
field of kinematic self-replicating machine design received new 
interest in the 1990s with advances in robotics and an emerging 
recognition of the feasibility of molecular nanotechnology.”°* The 
field of kinematic self-replicating robots is currently experiencing 
an amazing renaissance of research activity among robotics engi- 
neers and scientists who have recently recognized that replicating 
systems are simple enough to permit experimental laboratory 


demonstrations of working devices on relatively modest research 
budgets. Despite its comprehensive nature our survey is unavoid- 
ably incomplete. For instance, the authors are aware of an im- 
pending German patent on a very clever replicator design that 
will not become public until at least year-end 2004, but which 
they cannot reveal in these pages due to their nondisclosure agree- 
ment with the scientists involved. Other preliminary work has also 
come to our attention.” 

This book serves a much-needed purpose in collecting together 
a wide range of discussions and proposals for machines that can 
build copies of themselves. Our main focus is twofold: First, to pro- 
vide a critical review of the literature to give interested researchers a 
solid foundation from which to initiate their studies, and second, 
to help focus abstract philosophical discussions of self-replication 
in more concrete terms, in light of our emerging ability to make 
such machines. The material is thus of interest to both types of 
readers — those who are most interested in the general issues, and 
those who are more technically inclined and eager to begin work on 
designing and building self-replicating machines. Laing® notes that 
“this access to the original publications of work on machine 
replicators is invaluable because it makes evident in detail what has 
already been done, and what therefore need not be repeated, as well 
as having the additional salutary effect of constraining those who in 
ignorance make claims of originality for results which may have 
appeared in the open literature decades earlier.” 

Raj Reddy, head of the Carnegie Mellon University (CMU) 
Robotics Institute and co-chair of the President’s Information Tech- 
nology Advisory Committee (PITAC) from 1999-2001, believes that 
robust self-replicating systems represent one of the “longstanding 
challenges in the AI area that will be within technological reach in 
the next twenty years.”” There is increasing interest from the artifi- 
cial intelligence and artificial life communities in this research, with 
M.A. Bedau, TS. Ray, H. Sayama, and others®!° regarding the cre- 
ation of “an artificial system that demonstrates robust self-replica- 
tion and evolution in the real physical world [as] among the grand 
challenges in artificial life.” In a July 2003 interview,!! Steve 
Jurvetson, a managing director at the California venture capital firm 
Draper Fisher Jurvetson, noted that “putting a bold, audacious goal 
out there could be very galvanizing. Whether conceptualized as a 
universal assembler, a nanoforge, or a matter compiler, I think the 
‘moon-shot’ goal for 2025 should be the realization of the digital 
control of matter, and all of the ancillary industries, capabilities, 
and learning that would engender.” 

Over the last century, research in artificial self-replication has 
progressed along two major tracks. 

The first track of research is the field of cellular or computa- 
tional self-replication, which investigates self-replication purely in 
the context of patterns of information, most notably patterns orga- 
nized and mediated by cellular automata.2°°8°3*4 This area has 
received by far the greatest theoretical and experimental atten- 
tion, because experiments require only general-purpose computer 
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Figure P.1. Lineage of works in the field of nonbiological kinematic self-replicating machines. 


hardware, along with software for which the grammars, rules and 
constraints of operation have been more rigorously mathematically 
defined following the initial investigations of John von Neumann 
in the early 1950s (Section 2.1.3). 

The second track of research is the field of kinematic self-repli- 
cation, which investigates self-replication in the context of physical 
machinery that can make copies of itself by employing kinematic 
operations on physical matter — i.e., movement of materials through 
physical space in the physical world,*4 also pioneered by von 
Neumann starting in the late 1940s (Section 2.1.2). Here, theoreti- 

cal and experimental successes have been somewhat fewer and more 
dearly won — but hardly, as some!?"> have asserted unsuccess- 
fully,'°!7 nonexistent. Although less research attention has been 
directed toward the kinematic area than toward the cellular area 
until fairly recently, this deficit is now being actively and enthusias- 
tically remedied in universities and research laboratories in at least 
17 countries (i.e., Canada, Denmark, France, Germany, Hungary, 
Ireland, Israel, Italy, Japan, Lithuania, Netherlands, Romania, Rus- 
sia, Spain, Switzerland, U.K. and U.S.) around the world. 
Writing in the final report of an NSF/NASA autonomous manu- 
facturing workshop held in April 2000,'* George Friedman, Pro- 
fessor of Industrial and Systems Engineering at USC, observe 


that the perception of self-replication research as an intellectual 
island is an illusion: “There are conjectures that self-replication 
theory is fundamentally different and separate from the more main- 
stream robotics research, and that is a reason for its lack of support 
and disappointing progress. However, ...self-replication has many 
issues and themes in common with advanced robotic concepts and 
it would be constructive for future research to consider self-replica- 
tion — as well as evolution — as a natural intellectual extension of 
the robotics field. For example, the research agenda at the Space 
Studies Institute at Princeton considers a continuous spectrum of 
activities from direct man-in-the-loop, fully teleoperated robotics, 
increasingly autonomous robotics with AI, fully autonomous ro- 
bots, cooperating hierarchies of robots, diagnosing and repairing 


robots, replacement and reconfiguring robots, and finally, self-rep- 
licating and evolving robots.” 


While there are as yet (in 2004) no professional journals exclu- 
sively devoted to theory or experiment in self-replication (whether ki- 
nematic or cellular), there are many journals in related fields”! where 
such research can be published. Readers wishing to keep abreast of the 
latest developments can visit http://www.MolecularAssembler.com/, 
the first Internet domain exclusively devoted to molecular assem- 


d'%?0 — blers and the online home of this document and related materials. 
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The authors would welcome, support, and recommend the establish- 
ment of a new journal for the field of self-replication engineering. As 
evidenced by the many and diverse works described in this book, 
the kinematic replicating systems research community is already of 
moderate size and growing, if still poorly organized. 

Undergraduate and graduate engineering students can find 
courses or degree programs in macroscale mechatronics (the union 
of conventional mechanical, electrical, and computer engineering) 
offered at the following educational institutions: Arizona State Uni- 
versity,” California Polytechnic State University,”? California State 
University at Chico,”4 Carnegie Mellon University,”° Clemson Uni- 
versity,”° Colorado State University,”” DLR,”° Georgia Institute of 
Technology,” Johns Hopkins University,*° Loughborough Univer- 
sity, ! Massachusetts Institute of Technology,*” Mechatronical Sec- 
ondary Vocational School,*? Michigan State University,*4 Middlesex 
University,*°? North Carolina State University,°° Rensselaer Polytech- 
nic Institute,*” Rice University,°* San Diego State University,*? San 
Jose State University,” South Bank University,*! Stanford Univer- 
sity,’ Swedish Institute of Computer Science,‘? Swiss Federal In- 
stitute of Technology Zurich,“ University of California at Berke- 
ley,° University of Dundee,“ University of Florida,*” University of 
Illinois at Urbana-Champaign, ® University of Linz,” University 
of Melbourne,” University of Southern Denmark,*! University 
of Twente,” University of Utah,” University of Western Austra- 
lia,4 Vanderbilt University,” and the Virginia Polytechnic Insti- 
tute.°° Lyshevski*4 has a nice discussion of the current situation in 
the mechatronics curriculum in engineering education. Institu- 
tions offering educational and research opportunities in 
microelectromechanical systems (MEMS) assembly automation, 
including micromechatronics,””’”® and a list of current university 
and corporate programs in desktop micromanufacturing are listed 
in Section 4.6. 

University programs in nanoscale mechatronics 
(nanomechatronics), molecular robotics and nanorobotics, 
nanoelectromechanical systems (NEMS), and nanomanufacturing 
can be found at: Arizona State University,” Brown University,°° 
California Institute of Technology,°! Carnegie Mellon University, 
Cornell University, Ecole Polytechnique Montreal, IEEE 
Nanotechnology Council,®* Nagoya University,°° New York Uni- 
versity,!“48 Northwestern University,°” Pennsylvania State Univer- 
sity,°* Rensselaer Polytechnic Institute, Rice University,’° Rutgers 
University,’! Swiss Federal Institute of Technology Lausanne,’” Swiss 
Federal Institute of Technology Zurich,”? Technische Universitat 
Ilmenau,”* Tohoku University,” University of California at Berke- 
ley,”° University of California at Los Angeles,”” University of IIli- 
nois at Urbana-Champaign,’® University of Minnesota,” Univer- 
sity of North Carolina at Chapel Hill,®° University of Southern 
California,®! University of Texas at Austin,®” and the University of 
Tokyo.*? 

University and allied programs related to artificial life research 
can be found at: Brandeis University,®° Brunel University,®° Cali- 
fornia Institute of Technology,®” Cornell University,® Dublin City 
University, Ecole Polytechnique,” George Mason University,”! 
German National Research Centre for Information Technology,” 
Hungarian Academy of Sciences and University of Szeged,” Iowa 
State University,“ Liverpool University,” Massachusetts Institute 
of Technology,”® Michigan State University,” Nagoya University,”® 
Napier University,” National Research Council (Italy),!0° New En- 
gland Complex Systems Institute,!°! Reed College,” Santa Fe Insti- 
tute,!° Soka University,!4 Swiss Federal Institute of Technology, °° 


Syracuse University,'°° Trinity College,!°” Universidad de 
Granada, °° Universitat Dortmund,” Universiteit van Amsterdam 
(Netherlands), !1° University College London, !!! University of 
Aarhus,!!? University of Aizu,!'3 University of Edinburgh,’ 14 Uni- 
versity of Electro-Communications,'!* University of Guelph,'!° 
University of Hertfordshire,''” University of Idaho,''® University 
of Illinois at Urbana~-Champaign,'’? University of Newcastle upon 
Tyne, 7° University of New Mexico, '*! University of Pennsylvania, ** 
University of Southampton, !”? University of Sussex,!74 University 
of the West of England at Bristol,'?° and the University of Tokyo.'”° 

Specific courses on self-replication are appearing in universi- 
ties around the world. For example, in Spring 2003 Gregory 
Chirikjian taught a mechatronics course entitled “Intelligence of 
Self-Replicating Robots” in the Department of Mechanical Engi- 
neering at Johns Hopkins University.*° In Summer 2003, Hiroki 
Sayama’”’ taught a course entitled “Invitation to Self-Replication 
Studies” in the Graduate School of Information Science at Nagoya 
University, Japan, which may continue in future years. Pavel 
Luksha!* began teaching a new course “General Theory of Self- 
Reproduction” at The Higher School of Economics, Moscow, 
Russia, starting in February 2004. 

The present work — Kinematic Self-Replicating Machines — 
would be a suitable text for undergraduate or graduate introduc- 
tory coursework in kinematic replication theory, kinematic replica- 
tion engineering, or similar topics. 

References [****] are used in this book to denote the source of: 
(1) a direct quotation (enclosed in quotes), (2) a paraphrased. pas- 
sage (footnoted but not enclosed in quotes), or (3) a specific da- 
tum. Citations are also employed to indicate sources of additional 
information on a given topic, especially collections of literature re- 
view papers that would provide a suitable introduction to a given 
field of study. The authors apologize in advance for any inadvertent 
instances of unattributed usage of previously published material. 
Such events should be few but should be brought to the authors’ 
immediate attention for correction in a future edition of this work. 
An attempt was made to cite primary sources whenever possible, 
but some references are made to secondary sources believed by the 
authors to be reliable. References to website URLs which have be- 
come unresponsive can often be recovered by consulting the Web 
Archive at http://www.archive.org/index.html. 
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In 1913, Lee De Forest was prosecuted by U.S. government officials for claiming to potential investors that his 
company, RCA, would soon be able to transmit the human voice over the Atlantic Ocean. The prosecuting 
officials argued that his claim was so utterly ridiculous that he was surely ripping off investors. He was 
ultimately released but not before being admonished by the judge to stop making any more fraudulent claims. 
The rest, as the old saying goes, “is history.” 


This...serves as a poignant reminder that the relentless forces of technology can lead to predictions that sound 
nonsensical or unbelievable to people who do not understand where science and technology is headed. The story 
holds particular relevance to the broader business community because virtually every industry — including the 
computer, semiconductor, energy, health care, insurance and manufacturing sectors — will soon be confronted 
with seemingly nonsensical and unbelievable predictions that are about to be created by the new and emerging 
science of nanotechnology. 


— Jack Uldrich, 20041”? 


Like all revolutionary new ideas, the subject has had to pass through three stages, which may be summed up by 
these reactions: 


1. “It’s crazy — don't waste my time”; 
2. “It’s possible, but it’s not worth doing”; 
3. “‘T always said it was a good idea.” 


- Arthur C. Clarke, 1968 1° 
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CHAPTER 1 


The Concept of Self-Replicating Machines 


or most of human history, man’s tools and machines bore no 

resemblance to living organisms and gave no hint of any 

commonality between the living and the artificial.!°° In Pale- 
olithic times,'®!"'?8 most machines manufactured by man were 
primitive bone or wooden sticks, crudely shaped handaxes and flint 
tools,!°” crudely hewn boats,!*° and the like. It was not until a cen- 
tury of centuries after the Paleolithic era ended, following the de- 
velopment of metallurgy,!”” the birth of agriculture,!®? and the 
founding of the first civilizations,!°! that humans first manufac- 
tured complex artifacts such as ploughs and wheeled vehicles con- 
sisting of a large number of interacting parts, and ancient Chinese 
crossbows! and locks.!® By classical times many artifacts were 
quite sophisticated, including the famous Alexandrian water clock 
of Ctesibus,!©! Archimedes’ screw,!®!©° Roman military cata- 
pals, 917 Hero of Alexandria’s steam engine! and other automa- 
tons,! and lastly the ancient Antikythera computer!’”°—a clocklike 
mechanism containing 31 intermeshed gears used as a calendrical 
device to calculate the positions of the sun and the moon. 

By the 15th and 16th centuries, Western technology had ad- 
vanced to the stage where machines began to take on lifelike char- 
acteristics. !°° For example, the compound microscope and the tele- 
scope, analogous to the vertebrate eye, were invented in 1590 and 
1608, respectively. The air pump, providing hydraulic pumping 
analogous to the heart, was invented in 1654. Machines began to 
crudely exhibit some of the characteristics and properties of living 
creatures. The 17th and 18th centuries also saw the first success- 
ful attempts at constructing lifelike automata.!7'"!”? For example, 
Vaucanson’s duck (Figure 1.1), constructed and first exhibited in 
1739 by Jacques de Vaucanson (1709-1782), had over one thou- 
sand moving parts and was able to appear to eat, drink, defecate, 
quack, waddle, and flap its wings convincingly.'”*1!”” Such ad- 
vances raised the obvious possibility that eventually all the charac- 
teristics of life!®°!8 might find instantiation in mechanical 
forms—perhaps even the ability to grow and to reproduce. 

Self-replication is a hallmark, though no longer the exclusive 
province, of living systems. It is a myth, still persistently claimed 
by some,!*° that “no machine possesses this capacity even to the 
slightest degree” and that “even the far less ambitious end of 


component self-assembly has not been achieved to any degree.” 
To the contrary, replication as simple mechanical component 
self-assembly was first achieved in the 1950s, almost half a cen- 
tury ago (Section 3.3), and LEGO®-based autonomous macroscale 
replicators have now been built and operated in the laboratory 
(e.g., Section 3.23). Artificial self-replicating software first appeared 
in the 1960s, then in later decades rapidly proliferated in the form 
of worms, viruses, artificial life programs, and diverse other vir- 
tual species in code-friendly environments such as personal com- 
puters and the internet (Section 2.2.1). The technology presently 
exists to create artificial self-replicating hardware entities, as evi- 
denced by the numerous theoretical proposals and smattering of 
good engineering results achieved in the laboratory to date. A com- 
prehensive survey of these proposals and results is a principal sub- 
ject of this book. 

The idea that machines might someday be capable of self-repli- 
cation is at least hundreds of years old. For example, it is said'°®! 
that when Descartes (1596-1650) first expressed his idea that the 
human body was a machine* '*’ to his royal student, Queen Chris- 


tina of Sweden, over 300 years ago, she came up with a cogent ques- 
ite ‘ “ ; 
tion: “How,” she asked, “can machines reproduce themselves 
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Figure 1.1. Vaucanson’s duck. (courtesy of Sigvar Strandh and Dorset 
Press!7’) 


* From Descartes’ Treatise on Man:"*” “I suppose the body to be nothing but a machine . . . We see clocks, artificial fountains, mills, and other such machines which, although 


only man made, have the power to move on their own accord in many different ways . . 


. one may compare the nerves of the machine I am describing with the works of these 


fountains, its muscles and tendons with the various devices and springs which set them in motion . . . the digestion of food, the beating of the heart and arteries . . . respiration, 
walking . . . follow from the mere arrangement of the machine’s organs every bit as naturally as the movements of a clock or other automaton follow from the arrangements 


of its counterweights and wheels.” 


** In one version™® of this anecdote, the Queen challenges Descartes’ proposition that man is nothing more than a machine by saying: “I never saw my clock making babies.” 
A related variant?” reports that the Queen pointed to a clock and ordered: “See to it that it reproduces offspring.” 
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Samuel Butler (1835-1902) gamely attempted to answer her in- 
quiry in his novel Evewhon,'*® first published in 1872, when he 
argued: 


Surely ifa machine is able to reproduce another machine systematically, 

we may say that it has a reproductive system. What is a reproductive 
system, if it be not a system for reproduction? And how few of the ma- 

chines are there which have not been produced systematically by other 
machines? But it is man that makes them do so. Yes; but is it not insects 
that make many of the plants reproductive, and would not whole fami- 

lies of plants die out if their fertilization was not effected by a class of 
agents utterly foreign to themselves? Does anyone say that the red clover 
has no reproductive system because the humble bee (and the humble bee 
only) must aid and abet it before it can reproduce? No one. The humble 
bee is a part of the reproductive system of the clover.* 


In a more modern context (Figure 1.2), astronomer Robert 
Jastrow’”” notes that: 


The computer—a new form of life dedicated to pure thought—will be 
taken care of by its human partners, who will minister to its bodily 
needs with electricity and spare parts. Man will also provide for com- 
puter reproduction. Computers do not have DNA molecules; they are 
not biological organisms. We are the reproductive organs of the com- 
puter. We create new generations of computers, one after another... 


About two centuries ago, William Paley!™4 (once the Archdea- 


con of Carlisle) was apparently the first to formulate a teleological 
argument depicting machines producing other machines.'”” At 
one point in his 1802 philosophical discourse, after describing a 
man who finds a stone and a watch, Paley!*4 asks his reader to 
imagine a watch capable of making other watches: 


Suppose, in the next place, that the person, who found the watch, would, 

after some time, discover, that, in addition to all the properties which 

he had hitherto observed in it, it possessed the unexpected property of 
producing, in the course of its movement, another watch like itself, (the 
thing is conceivable); that it contained within it a mechanism, a system 

of parts, a mould for instance, or a complex adjustment of laths, files, 

and other tools, evidently and separately calculated for this purpose; let 
us inquire, what effect ought such a discovery to have upon his former 
conclusion?... The question is not simply, How came the first watch into 

existence? which question it may be pretended, is done away by suppos- 

ing the series of watches thus produced from one another to have been 

infinite, and consequently to have had no such first, for which it was 
necessary to provide a cause... 


The serious scientific study of artificial self-replicating struc- 
tures or machines has now been underway for more than 70 years, 
after first being anticipated by J.D. Bernal!?° in 1929** and by 
mathematicians such as Stephen C. Kleene who began develop- 
ing recursion theory*** in the 1930s. Although originally driven 
by an abiding interest in biology, much of this work has been 
motivated by the desire to understand the fundamental 
information-processing principles and algorithms involved in 
self-replication, even independent of their physical realization.”°° 
Over the last two decades,'?”?8 it has become apparent that a 
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Figure 1.2. Dilbert discovers the concept of “replication by proxy.”!”° 
(© 1994 Scott Adams and Andrews McMeel Publishing, reprinted 
with permission) 


convenient physical realization of replicating machinery—in par- 
ticular, the molecular assembler (a manufacturing system capable 
of molecularly precise fabrication or assembly operations)—could 
also make feasible the manufacture of macroscopic quantities of 
engineered molecular machine systems, with far-reaching conse- 
quences for human progress.'”? But before we can explore specific 
designs for molecular assemblers, it is necessary to review and 
contextualize, in this book, the theoretical and experimental foun- 
dations for machine self-replication. 

The notion of a machine reproducing itself has great intrinsic 
interest and invariably elicits a considerable range of responses— 
some directed toward proving the impossibility of the process, oth- 
ers merely skeptical that it can be carried out, but almost all of 
them indicating an unwillingness to subject the question to a thor- 
ough examination. In discussing self-replication by automata it is 
essential to establish from the outset some rather important ground 
rules for the discussion.?“ For example, according to Kemeny:?4° 
“If [by ‘reproduction’] we mean the creation of an object like the 
original out of nothing, then no machine can reproduce—but 
neither can a human being....The characteristic feature of the re- 
production of life is that the living organism can create a new 
organism like itself out of inert matter surrounding it.” 

Often it is asserted that only biological organisms can repro- 
duce themselves. Thus, by definition, machines cannot carry out 
the process. A related argument, reaching back at least to Leibniz 
(1646-1716)*“4 with echoes even today,”*?“° is the impossibility 
of fabricating artificial automata which are the equal of divinely 
created life, cf. Frankenstein?*” and the Golem.**** 74824 But 
modern writers!?”!® would argue that all living organisms are 
machines and thus the proof of machine reproduction is the bio- 
sphere of Earth. This line of reasoning had its genesis at least three 
centuries ago in the writings of Descartes,'8” and later was picked 
up by the French materialists of the Enlightenment such as Julien 
Offroy de La Mettrie (1709-1751),7°" Baron d’Holbach 
(1723-1789),7>! and Pierre Cabanis (1757-1808),7>? and also by 
Paley (1743-1805),!%4 all of whom asserted that humans are ma- 
chines. It continued in Samuel Butler’s 1863 essay “Darwin Among 
the Machines,” in which Butler perceived the inchoate beginnings 


* The promotional webpage for the BEAM Robot Games (supported by robot enthusiasts and tinkerers) offers a similar sentiment, quoting roboticist Mark W. Tilden as asserting 
that while “self-reproducing robots...won’t be possible to build (if at all) for years to come,” machine evolution involving successive generations of robots can occur if we 
“view a human being as a robot's way of making another robot,” a process Tilden calls “robobiologics”.1*1 


** Stanislaw Ulam, a Polish mathematician who befriended John von Neumann in 1937 and later gave von Neumann the initial idea for cellular automaton replicators, recalled 
“sitting in a coffeehouse in Lwow in 1929, speculating on the possibility of artificial automata reproducing themselves. 3’ 


*** In the present modern context, the recursion theorem says that one can re-write any program so that it will print out a copy of itself before it starts running. More formally, 
for any Turing machine T, there exists a T’ such that T’ prints out a description of T’ on its tape, and then behaves in exactly the same way as T. Recursion theory was first 
developed by Stephen C. Kleene? and other mathematicians,???? starting in the 1930s. 


**** Similarly, the robots of Karel Capek’s historical 1920 science fictional play, “R.U.R. (Rossum’s Universal Robots)”°’—wherein the word “robot” first was coined (the 
term, derived from the Czech word “robotnik” meaning peasant or serf, was actually suggested to Karel by his brother, Josef)—are manufactured in a factory operated by 
intelligent robots, but the robots individually lack the knowledge of self-reproduction.*****° Says one character in the story, of the robots: “All these new-fangled things are 
an offense to the Lord. It’s downright wickedness. Wanting to improve the world after He has made it.” 
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of miniaturization, replication, and telecommunication among 
machines: “I first asked myself whether life might not, after all, 
resolve itself into the complexity of arrangement of an inconceiv- 
ably intricate mechanism,” Butler recalled in 1880, retracing the 
development of his ideas.*>? “If, then, men were not really alive 
after all, but were only machines of so complicated a make that it 
was less trouble to us to cut the difficulty and say that that kind of 
mechanism was ‘being alive,’ why should not machines ultimately 
become as complicated as we are, or at any rate complicated 
enough to be called living, and to be indeed as living as it was in 
the nature of anything at all to be? If it was only a case of their 
becoming more complicated, we were certainly doing our best to 
make them so.” 

Similarly, it is sometimes claimed that although machines can 
produce other machines, they can only produce machines less com- 
plex than themselves.’ This “necessary degeneracy” of the machine 
construction process implies that a machine can never make a ma- 
chine as good as itself. (An automated assembly line can make an 
automobile, it is said, but no number of automobiles will ever be 
able to construct an assembly line.) Similarly, Kant (1724-1 804)*>” 
argued that an organism and a watch differ on the basis of the 
interactions between the parts of the assemblage: “[in a] natural 
product...the part must be an organ producing the other parts— 
each, consequently, reciprocally producing the others. No instru- 
ment of art can answer to this description.” These arguments fail 
if we accept the view of biology as machines, since a human zy- 
gote (a single cell) is capable of constructing a vastly more com- 
plex structure than itself—in particular, a human being consist- 
ing of trillions of specialized cells in a very specific architecture, 
controlled (at a high level of abstraction) by a brain that is capable 
of storing many gigabytes, and possibly many terabytes, of data 
(Section 5.10).* Degeneracy-based arguments are also readily over- 
come by recognizing the possibility of inferential reverse engineer- 
ing (Section 2.3.4). 

Another common objection is that for a machine to make a 
duplicate copy it must employ a description of itself. This de- 
scription, being a part of the original machine, must itself be de- 
scribed and contained within the original machine, and so on, 
until it appears that we are forced into an infinite regress. A vari- 
ant of this is the contention that a machine not possessing such a 
description of itself would have to use itself for a description, thus 
must have the means to perceive itself to obtain the description.** 


But then what about the part of the machine that does the per- 
ceiving? It cannot perceive itself, hence could never complete the 
inspection needed to acquire a complete description. All of these 
self-referential conundrums have been addressed and resolved by 
theorists, as we shall see below (e.g., Section 2.3.3). For example, 
a simple answer to the aforementioned problem of self-perception 
is that the original machine could possess multiple perceiving or- 
gans, so that the perceiving could be shared or alternated. Also, 
there is the question of how detailed a self-description must be for 
the process to qualify as self-replication—an atomic-level descrip- 
tion, a parts-level description, or an active subunits-level descrip- 
tion? Amusingly, Eric Benson?” asks: “How about a robot that 
could build an identical robot as itself with its own parts? Imagine 
that the robot takes off its leg, then takes off its other leg, con- 
necting them together, and, after a long process, the robot that 
was built from those two legs grabs the last remaining part, per- 
haps the head, and attaches it to itself. What if the goal of the 
robot was to fit itself through a wall with a tiny hole, and there- 
fore had to dismantle itself pretty thoroughly before rebuilding 
itself on the other side?” Note that a self-reproducing lifeform 
does not contain explicit instructions for assembly of the next gen- 
eration; rather, the genes contain cellular automaton-like rules for 
assembly (Section 5.1.9). 

Yet another related objection is that for the replicative process 
to be carried out, the machine must come to “comprehend” it- 
self—at which point it is commonly asserted to be well known 
that “the part cannot possibly comprehend the whole,” an argu- 
ment often voiced in many different contexts”°! and apparently 
dating back at least to Epicurus (341-270 BC).*** Such disputa- 
tions reveal that there has historically been a very deep-seated re- 
sistance to the notion of machines reproducing themselves,**** 
as well as an admittedly strong fascination with the concept. The 
Hungarian-American mathematician John von Neumann, the first 
scientist to seriously come to grips with the problem of machine 
self-replication, once noted that it would be easy to cause the 
whole problem to go away by making the elementary parts of 
which the offspring machine was to be composed so complex as 
to render the problem of replication trivial.”°* For example, par- 
ticipants in a NASA study on machine replication* noted that a 
robot required only to insert a fuse in another similar robot to 
make a duplicate of itself would find self-replication very simple. 
Similarly, a falling-domino automaton could readily self-replicate 


* Kantian arguments regarding the differences between living and non-living things have been revived recently with discussions of the nature of life in biology, wherein it 
is claimed that a human, ora living organism in general, cannot be represented as a machine because of the continuous, or quantum, nature of living systems vs. the discrete, 
or Newtonian, nature of computers and machinery—the central argument being that life has a fractal nature which can only be digitalized through an infinite number of 
operations.*** However, Luksha’”* notes that even if self-replication in living systems could not be digitalized, this would only mean that we cannot properly model this process 
with the “discrete” tools that we usually try to apply, including cellular automata. A self-reproducing machine would operate in the real world, thus would be subject to all 
laws of physical reality, and through this could produce the same non-linear behavior. 


** Writes Hofstadter:? “Imagine that you wish to have a space-roving robot build a copy of itself out of raw materials that it encounters in its travels. Here is one way you 
could do it: make the robot symmetrical, like a human being. Also make the robot able to make a mirror-image copy of any structure that it encounters along its way. Finally, 
have the robot be programmed to scan the world constantly, the way a hawk scans the ground for rodents. The search image in the robot's case is that of an object identical 
to its own left half. The robot need not be aware that its target is identical to its left half; the search can go on merrily for what seems to it to be merely a very complex and 
arbitrary structure. When, after scouring the universe for seventeen googolplex years, it finally comes across such a structure, then of course the robot activates its 
mirror-image-production facility and creates a right half. The last step is to fasten the two halves together, and presto! A copy emerges. Easy as pie—provided you're willing 
to wait seventeen googolplex years (give or take a few minutes)....What we'd ideally like in a self-replicating robot is the ability to make itself literally from the ground up: 
let us say, for instance, to mine iron ore, to smelt it, to cast it in molds to make nuts and bolts and sheet metal and so on; and finally, to be able to assemble the small parts 
into larger and larger subunits until, miraculously, a replica is born out of truly raw materials. This was the spirit of the Von Neumann Challenge...this ‘self-replicating robot 
of the second kind’.” 
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*** Working from Furley’s translation’ of Epicurus’ “Letter to Herodotus”, Kenyon*”’” summarizes Epicurus’ argument as follows: “The impossibility of completing an infinite 
sequence of contemplation of parts is grounds for rejecting infinite divisibility....(a) We clearly comprehend a whole finite object. (b) To comprehend a whole object, we must 
comprehend its parts. (c) If its parts are infinite in number, then we cannot complete a sequential process of comprehending each part. (d) Therefore, we cannot comprehend 
its parts. (e) Therefore, we cannot comprehend the whole object.” 


**** Unon encountering the fully-automated robot factory on the fictional planet Geonosis, in Star Wars, Episode II (2002), the ever-talkative golden humanoid robot C3PO 
exclaims: “What's this? Machines making machines? How perverse!” 


on a substrate consisting of a large array of previously 
edge-positioned dominoes*°?—sometimes called “trivial 
self-reproduction”* °43°7_and fire** may similarly be consid- 
ered a simple replicating entity.2°4 The domino example can be 
regarded as a mechanical analog to autocatalysis (Section 4.1.6), 
another very simple form of self-replication. And Stewart”® has 
suggested that “a letter [page of text] is a self-replicating machine 
in an environment of photocopiers.”*** 

Reproduction vs. Replication. Sipper makes a clear 
distinction between two terms, “reproduction” and “replication,” 
which are often considered synonymous and sometimes used inter- 
changeably.” According to Sipper, “reproduction” is a phyloge- 
netic (evolutionary) process, involving genetic operators such as 
crossover and mutation, thereby giving rise to variety and ultimately 
to evolution.”“! Reproduction is almost synonymous with Luisi’s 
simplest definition”’” of life: “a self-sustaining chemical system un- 
dergoing Darwinian evolution.” Evolution and mutation are char- 
acteristics of biological systems and are highly undesirable in me- 
chanical molecular assemblers,2”! and so machine “reproduction” 
will not be extensively considered in this book. By contrast, ma- 
chine “replication” can be a completely planned, purely determinis- 
tic process, involving no randomization or genetic operators, which 
results in an exact physical, or functional, designed duplicate of a 
parent entity. Most simply,**** self-replication is the process by which 
an object or structure makes a copy of itself. Others including 
Sanchez et al?4*? and Adams and Lipson?” also see a clear distinc- 
tion between replication and reproduction: “Replication seeks to 
copy an entire system without error, while reproduction includes a 
developmental process that allows for variations.”*”? In the context 
of chemical self-replicating systems, Paul and Joyce'?”” note: 
“Self-replication alone is not sufficient for life unless it allows for 
the possibility of heritable mutations.” From the standpoint of the 
safety of a new technology, artificial replicators can be made “inher- 
ently safe” (Section 5.11) but most artificial reproducers probably 
cannot be (Section 5.1.9 (L)). 

This distinction apparently began with von Neumann? (p. 86): 
“One of the difficulties in defining what one means by self-repro- 
duction is that certain organizations, such as growing crystals, are 
self-reproductive by any naive definition of self-reproduction, yet 
nobody is willing to award them the distinction of being self-repro- 
ductive. A way around this difficulty is to say that self-reproduction 
includes the ability to undergo inheritable mutations as well as the 
ability to make another organism like the original [i.e., make a 
copy].” The mere ability to make a viable copy, but not to undergo 
heritable mutation, is therefore not self-reproduction but only 
self-replication. Self-replication thus represents a restricted, safer 
form of the more general concept of self-reproduction—unlike re- 
producers, replicators may be incapable of acquiring any significant 
variations, or, if variation is acquired, may become nonfunctional. 

Szathmary and Smith”4"> note that “whole genomes, symbiotic 
organelles, cells within organisms, and sexual organisms within societ- 
ies are certainly always vehicles, but rarely replicators. Their structure 
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Figure 1.3. Robots made of classical components can make identical 
copies of themselves and thus self-replicate, but quantum systems 


cannot.”’® (image courtesy of Cameron Slayden and Science/AAAS”””) 


is usually not transmitted through copying....Existing organisms are 
not replicators: they do not reproduce by copying. Instead, they con- 
tain DNA that is copied, and that acts as a set of instructions for the 
development of the organism. Hence reproduction requires both 
copying and development.” George Dyson?” agrees: “Biological or- 
ganisms, even single-celled organisms, do not [merely] replicate them- 
selves; they host the replication of genetic sequences that assist in 
reproducing an approximate likeness of themselves.” For the remain- 
der of this book, we shall focus primarily on entities that are capable 
of “replication,” and not “reproduction,” as herein defined. Follow- 
ing Sipper???4° and Dawkins,””? we define “replicator” most sim- 
ply as an entity that can give rise to a copy of itself. This copy may be 
an extremely close copy of itself (Figure 1.3), though apparently not 
an exact copy at the quantum level of fidelity.” 

Our discussion of machine replication in this book briefly re- 
views the foundations of classical machine replication theory (Chap- 
ter 2), then describes specific proposals and realizations of macroscale 
kinematic machine replicators (Chapter 3) and specific proposals, 
realizations, and naturally-occurring instances of microscale or 
molecular kinematic machine replicators (Chapter 4). We then close 
this discussion with a brief summary of selected issues in machine 
replication theory including minimum replicator size and replica- 
tion speed, closure engineering, massively parallel manufacturing, 
the exponential mathematics of replication, and most importantly 
a comprehensive new overview of the kinematic machine replicator 
design space which is presented here for the first time (Chapter 5). 
The book ends with a few thoughts on motivations for undertaking 
design studies to develop molecular-scale machine replicators, in- 
cluding molecular assemblers and nanofactories (Chapter 6). 


* For example, in 1973, Herman**’ argued that “the existence of a self-reproducing universal computer-constructor in itself is not relevant to the problem of biological and 
machine self-reproduction. There is a need for new mathematical conditions to insure non-trivial self-reproduction.” 


** Tt has been proposed that the birth of supergiant stars in vast molecular gas clouds may follow a similar “replicative” process, with radiation from early stars triggering 
compression of adjacent cloud materials, resulting in the first crop of stars replicating a second crop in the adjacent space, and so on, until the cloud is exhausted of its material.?° 


*** In situations like the paper letter which is regarded as a replicator in a room full of photocopiers, Bryant Adams’® notes that “a paper with a $50 coupon might be a 
better replicator than one with uninteresting information as it induces more assistance from the environment, despite not doing much of anything itself.” 


**** The effort to define replication in a legally clear fashion during the writing of the Zyvex exponential assembly patent?” (an effort in which both authors, Merkle and 
Freitas, participated during early 2000) resulted in an explosion of claims covering numerous mechanisms, alternatives, and exceptions. 


CHAPTER 2 


Classical Theory of Machine Replication 


he early history of machine replication theory is largely the 

record of von Neumann’s thinking on the matter during the 

1940s and 1950s, particularly his kinematic and cellular 
models, described below. Von Neumann did not finish or publish 
most of his work on this subject prior to his untimely death in 1957, 
but Arthur Burks, a colleague of von Neumann, extensively edited 
and completed many of von Neumann's manuscripts on the sub- 
ject. Automata theory has advanced and been refined in the decades 
since, with many alternative models of machine replication having 
been proposed and discussed as will be described later. By 1980, a 
detailed technical study co-edited by Freitas concluded that “there 
appear to be no fundamental inconsistencies or insoluble paradoxes 
associated with the concept of self-replicating machines.” Physics 
professor Jeremy Bernstein concurred:!“ “I believe, on the basis of 
the history of technology, that human nature is such that whatever 
can be constructed, in theory, will, eventually, be constructed. Since 
self-replicating automata are possible in principle, they will, I think, 
eventually be built. When, by whom, and what for, I do not have 
the foggiest idea.” 

The following is a brief overview of the classical theory of ma- 
chine replication from the 1940s to the present. Mathematically 
inclined readers are encouraged to study the original literature for 
more rigorous details of various proofs which are beyond the scope 
of this book. 

Some of the material in this Chapter borrows extensively (and 
appreciatively) from R. Laing’s summary of pre-1980 replication 
theory that originally appeared as a major portion of Section 5.2 of 
Freitas and Gilbreath,” and from two of Burks’ edited texts.>4 


2.1 Von Neumann’s Contributions 
John von Neumann? “was born on December 28, 1903 in 
Budapest, Hungary, and died in Washington, D.C., on February 8, 


1957. He earned a doctorate in mathematics from the University of 
Budapest and an undergraduate chemistry degree from the 
Eidgenossische Technische Hochschule in Zurich, Switzerland. In 
1930 he came to the United States as a visiting lecturer at Princeton 
University, where he was made full professor in 1931. In 1933 he 
joined the newly formed Institute for Advanced Study as a profes- 
sor and retained that post for the rest of his life.” 

Von Neumann*?"°*°! began studying automata replication be- 
cause he was interested in very complex machines and their behav- 
iors. Von Neumann had a tremendous range of interests — he con- 
tributed to the logical foundations of quantum theory, was the 
co-inventor of the theory of games, and he worked on the Manhat- 
tan Project (contributing to the design of the implosion mecha- 
nism for the plutonium bomb). It is believed that his participation 
in the Manhattan Project and the tremendous volume of calcula- 
tions* necessary for bomb design led him into automatic comput- 
ing. Hearing of the ENIAC computer project at the Moore School 
of Electrical Engineering at the University of Pennsylvania, von 
Neumann was fascinated by the potential of a computer very much 
faster than any of the devices that had previously been produced. 1°"! 
In the early 1940s there existed only simple relay machines and 
analog devices such as the differential analyzer. But the new elec- 
tronic machines that interested von Neumann** promised to be 
perhaps millions of times faster than relay machines. 

Von Neumann immersed himself in the ENIAC project, the first 
electronic computer program where some actual useful computing 
was produced. In late 1945 and early 1946, the first problems that 
were put on ENIAC are believed to have been calculations involv- 
ing the feasibility of a hydrogen bomb. Von Neumann, although he 
remained very much interested in nuclear energy and was ap- 
pointed a member of the Atomic Energy Commission, was more 
fascinated with the idea of large and complex computing machines. 


* Von Neumann had an uncanny ability to solve very complex calculations in his head, a source of wonderment to mathematicians and physicists alike. Goldstine*” illustrated 
this quality with an amusing personal anecdote: 

“One time an excellent mathematician stopped into my office to discuss a problem that had been causing him concern. After a rather lengthy and unfruitful discussion, 
he said he would take home a desk calculator and work out a few special cases that evening. Each case could be resolved by the numerical evaluation of a formula. The next 
day he arrived at the office looking very tired and haggard. On being asked why, he triumphantly stated he had worked out five special cases of increasing complexity in the 
course of a night of work; he had finished at 4:30 in the morning. 

“Later that morning von Neumann unexpectedly came in on a consulting trip and asked how things were going, whereupon I brought in my colleague to discuss the problem 
with von Neumann. We considered various possibilities but still had not met with success. Then von Neumann said, ‘Let's work out a few special cases.’ We agreed, carefully 
not telling him of the numerical work in the early morning hours. He then put his eyes to the ceiling and in perhaps five minutes worked out in his head four of the previously 
and laboriously calculated cases! After he had worked about a minute on the fifth and hardest case, my colleague suddenly announced out loud the final answer. Von Neumann 
was completely perturbed and quickly went back, and at an increased tempo, to his mental calculations. After perhaps another minute he said, ‘Yes, that is correct.’ Then my 
colleague fled, and von Neumann spent perhaps another half hour of considerable mental effort trying to understand how anyone could have found a better way to handle 
the problem. Finally, he was let in on the true situation and recovered his aplomb.” 


** According to one writer,?” von Neumann initially kept his thoughts on machine replication quite private. When Norbert Wiener jokingly wrote to him: “I am very much 


interested in what you have to say about the reproductive potentialities of the machines of the future...it may be an opportunity for a new Kinsey report,” von Neumann denied 
any contact with the media concerning his theories.*% 
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He devised the organization still employed today in almost all gen- 
eral purpose computational machines — the concept of a serially 
processed stored program,'?"! or the “von Neumann architecture” 
or “von Neumann machine.” After that work was completed he 
began thinking seriously about the problems of extremely large ma- 
chines — their reliability, programming, design, and how to under- 
stand what they do — and he became involved with the many pos- 
sible analogies to the complex behaviors of living systems.*°?° 


2.1.1 A Logical Organization of Self-Replication 

Von Neumann set for himself the goal of showing what the 
logical organization of a self-replicating machine might be. He 
had in mind a full range of self-replicating machine models which 
he intended to explore, including the (a) kinematic machine, (b) 
cellular machine, (c) neuron type machine, (d) continuous ma- 
chine, and (e) probabilistic machine. Von Neumann ultimately 
produced only a very informal description of the kinematic ma- 
chine, and although he wrote a great deal on the cellular machine, 
his magnum opus on the subject was left in the form of unfin- 
ished notes at the time of his death in 1957.>4 His other three 
models were left largely unexplored and will not be discussed fur- 
ther here in great detail.* 

Von Neumann? concluded that the following characteristics and 
capabilities were sufficient for machines to replicate without degen- 
eracy of complexity: 


¢ Logical universality — the ability to function as a general-pur- 
pose computing machine able to simulate a universal Turing 
machine (an abstract representation of a computing device, 
which itself is able to simulate any other Turing machine) 3131! 
This was deemed necessary because a replicating machine must 
be able to read instructions to carry out complex computations. 


¢ Construction capability — to self-replicate, a machine must be 
capable of manipulating information, energy, and materials of 
the same sort of which it itself is composed. 


¢ Constructional universality — In parallel to logical univer- 
sality, constructional universality implies the ability to manu- 
facture any of the finitely sized machines which can be formed 
from specific kinds of parts, given a finite number of differ- 
ent kinds of parts but an indefinitely large supply of parts of 
each kind. 
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Self-replication follows immediately from the above, since the uni- 
versal constructor** must be constructible from the set of manufac- 
turable parts. If the original machine is made of these parts, and it is 
a constructible machine, and the universal constructor is given a de- 
scription of itself, it ought to be able to make more copies of itself. 

Von Neumann thus hit upon a deceptively simple architecture 
for machine replication.? The machine would have four parts — 
(1) a constructor “A” that can build a machine “X” when fed ex- 
plicit blueprints of that machine; (2) a blueprint copier “B”; (3) a 
controller “C” that controls the actions of the constructor and the 
copier, actuating them alternately; and finally (4) a set of blueprints 
g@(A + B + C) explicitly describing how to build a constructor, a 
controller, and a copier. The entire replicator may therefore be de- 
scribed as (A + B + C) + f(A + B + C). Now, for the machine “X” 
that is to be manufactured, let us choose X = (A + B + C). In this 
special case, Controller C first actuates copier B which copies @(A + 
B + C) to produce a second copy (A + B + C), then actuates con- 
structor A to build a second constructor, copier, and controller — 
ie., another (A + B + C) — and to tie them together with the sec- 
ond copy of the blueprints. Thus the automaton (A + B + C) + p(A 
+ B + C) produces a second automaton (A + B + C) + @(A+B+C) 
and so self-replication has taken place. The fact that the description 
@(A + B + C) must be both copied (uninterpreted data) and trans- 
lated (interpreted data) during replication is the key to avoiding the 
paradox of self-reference. Note that this replication takes place in 
an environment of stockroom parts (Section 2.1.2). 

Von Neumann? also pointed out that if we let X = (A+B+C+ 
D) where D is any arbitrary automaton, then (A + B+ C) + @(A+B 
+ C+D) produces (A +B+C+D)+ @(A+B+C+D), and “our 
constructing automaton is now of such a nature that in its normal 
operation it produces another object D as well as making a copy of 
itself.” In other words, it can create useful non-self products in ad- 
dition to replicating itself and has become a productive 
general-purpose manufacturing system. Alternatively, it has the po- 
tential to evolve by incorporating new features into itself. 

Observers*!*3!% have noted that von Neumann’s early schema 
was later confirmed by subsequent research on the molecular biol- 
ogy of cellular reproduction, with von Neumann’s component “A” 
represented by the ribosomes (Section 4.2) and supporting cellular 
mechanisms, component “B” represented by DNA polymerase en- 
zymes, component “C” represented by repressor and derepressor 


* According to Laing:? “In addition to his kinematic and cellular models, von Neumann planned to examine three other models of self-reproducing machines. These were to 
be a neuronal or “excitation-threshold-fatigue” model, a continuous model, and a probabilistic model. Von Neumann is not known to have left any completed work whatsoever 
on these models at the time of his death, so his intentions are almost entirely a matter of conjecture.” 

“Following Burks’ speculations on this matter,? we can guess that von Neumann’s neuronal system might have been a version of the cell-space model in which the individual 
cell automata in the space were to be constructed of neuron-like elements. This would have been a rather straightforward process, as it is well known that idealized neurons 
of the McCulloch-Pitts?”’ variety can be employed to implement the kinds of logical gatings and delays called for in the 29-state cell automaton system (Section 2.1.3). The 
reason for employing neuron-like elements seems mainly an attempt to recast the model in a more “biological” vocabulary.” Tempesti? adds that a careful analysis of von 
Neumann's intentions suggests that this model “would have borne a fairly close relationship to today’s artificial neural networks, with the addition of some features which 
would have both increased the resemblance to biological neurons and introduced the possibility of self-replication.” 

“Von Neumann’s postulated continuous model might have been an attempt to comprehend machine reproduction in an even more biological format. The usual mathematical 
tools for handling actual neuron activity are differential equations expressing the electrochemical flows through and along neuron soma and axons. Thus the actions of cell 
automata (implemented with neurons) could be expressed by sets of differential equations. In this way the more highly developed tools of mathematical analysis might be 
employed in representing the behavior of the machine system, in contrast to the use of combinatorics which von Neumann himself characterized as one of the most intractable 
of mathematical specialties. ”? 

“Finally, in his proposed probabilistic model von Neumann perhaps intended to consider using whole congeries of neuron-like elements in implementing the behaviors 
of what in the neuronal model could be carried out by single neurons. By employing redundancy techniques similar to those described in his classic paper on reliability,’ von 
Neumann may finally have hoped to design a reliable, biologically oriented, self-reproducing machine characterizable by differential equations.” Again, Tempesti>* adds: 
“We know that von Neumann intended to introduce a kind of automaton where the transitions between states were probabilistic rather than deterministic. Such an approach 
would allow the introduction of mechanisms such as mutation and thus of the phenomenon of evolution in artificial automata. Once again, we cannot be sure of how von 
Neumann would have realized such systems, but we can assume they would have exploited some of the same tools used today by genetic algorithms.” 


** McMullin?23% suggests that the issue of “universal construction” is perhaps a bit more subtle and that closure engineering (Section 5.6) may be a challenging endeavor 
in some applications: “In brief, the definition of a ‘universal’ set of automata is highly context dependent (in contrast to the definition of a ‘universal’ set of computations). 
As a result, it is not trivial to ensure that any proposed, ‘universal’ constructor is, indeed, a member of the set of machines which it can construct. Von Neumann finessed 
(and obscured) this point by implicitly restricting attention to ‘initially quiescent’ automata in his particular cellular automaton formulation. Of course, in general, construction 
‘universality’ is absurdly overkill if one simply wants to achieve self-replication. Much lesser capabilities would suffice for that.” 
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Figure 2.1. Schematic of von Neumann kinematic replicator, from Cairns-Smit 
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The kinematic replicator machine consists of a chassis “c” which holds a box of instructions [I], machinery (m) and (r) for acting on and 


for replicating the instructions, respectively, and a time-switch or sequencer (s). Replication proceeds as follows: 


1. Resting phase. 
. Sequencer turns on (m). 
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2 
3. (m) makes another chassis from materials in the stockroom, following instructions drawn from [I]. 
g 
4, (m) makes and installs another manufacturing unit (m), another instruction replicator (r), and another sequencer (s). (The latter is 
possible because this machinery is being instructed from outside itself.) 


wat 


. Sequencer turns off (m) and turns on (r). 


6. (r) takes recording material (e.g., blank punch cards or magnetic tape) from the stockroom and duplicates [I], then installs the copied 
instructions in the offspring machine, producing a second machine identical to the first. 


7. Resting phase.... 


molecules and associated expression-control machinery in the cell, 
and finally component “(A + B + C)” represented by the genetic 
material DNA that carries the organism’s genome. (The correspon- 
dence is not complete: cells include additional complexities.) More 
importantly, the dual use of information — both interpreted and 
uninterpreted, as in von Neumann’s machine schema — was also 
found to be true for the information contained in DNA. 


2.1.2 The Kinematic Model of Machine Replication 

The kinematic model is the one people hear about most often in 
connection with von Neumann’s work on self-replicating machines, 
probably because it received the earliest attention and publicity.“ 
Following his first lectures in 1948°!” and 1949,°!8 von Neumann's 
original lecture detailing this model was published*!” in 1951, and 
in 1955 a further description?” appeared in the magazine Scientific 
American, authored by John Kemeny. 

The notion of kinematic machine replication was dealt with only 
informally by von Neumann. The mathematician envisioned a physi- 
cal machine residing in a “sea” or stockroom of spare parts (Figures 
2.1 and 3.38). The machine has a memory tape which instructs it 
to go through certain mechanical procedures. Using a manipulative 
appendage and the ability to move around in its environment, the 
device can gather and connect parts. The tape-program first instructs 
the machine to reach out and pick up a part, then to go through an 
identification routine to determine whether the part selected is or is 
not the specific one called for by the instruction tape. If not, the 
component is thrown back into the “sea” and another is withdrawn 
for similar testing, and so on, until the correct one is found. Having 
finally identified a required part, the device searches in like manner 
for the next, then joins the two together in accordance with instruc- 
tions. The machine continues following the instructions to make 
something, without really understanding what it is doing. When it 
finishes, it has produced a physical duplicate of itself. Still, the sec- 
ond machine does not yet have any instructions, so the parent 
machine copies its own memory tape onto the blank tape of its 


offspring.*”® The last instruction on the parent machine's tape is to 


activate the tape of its progeny. 

As Drexler” pithily observed: “It may seem somehow paradoxi- 
cal that a machine can contain all the instructions needed to make 
a copy of itself, including those selfsame complex instructions, but 
this is easily resolved. In the simplest approach, the machine reads 
the instructions twice: first as commands to be obeyed, and then as 
data to be copied. Adding more data does not increase the complex- 
ity of the data-copying process, hence the set of instructions can be 
made as complex as is necessary to specify the rest of the system. By 
the same token, the instructions transmitted in a replication cycle 
can specify the construction of an indefinitely large number of other 
artifacts.” 

Von Neumann’s original kinematic machine was envisioned as 
consisting of an assembly of electromechanical units resembling tran- 
sistors on metallic members with electromagnets and sensing pick- 
ups.“4°441 As few as eight different types of elementary parts might 
be required:? four logic elements that receive or transmit stimuli, 
including (1) a stimulus organ (that realizes the truth function “p or 
q’), (2) a coincidence organ (“p and q), (3) an inhibitory organ (“p 
and not-q”), and (4) a stimuli-producing organ (serving as a source 
of stimuli); and four mechanical elements, including (5) a rigid mem- 
ber (an insulated girder carrying no stimuli that can form a rigid 
frame), (6) a fusing organ (which welds or solders two parts together 
when stimulated), (7) a cutting organ (which unsolders a connec- 
tion when stimulated), and (8) a muscle (normally rigid, connected 
to other parts, producing motion when stimulated, and remaining 
contracted as long as it is stimulated). To acquire the proper parts 
from the “sea,” the machine would have to contain a device which 
catches and identifies any part that floats into contact with the de- 
vice. Von Neumann suggested two stimulus units protruding from 
the constructing automaton. When a part touches them, tests can be 
made to see what kind of part it is. For example, a stimulus organ 
will transmit a signal; a girder will not. A muscle might be identified 
by determining that it contracts when stimulated. 


The memory tape is described‘ as a binary tape made of a zigzag 
arrangement of the rigid elements (girders). Each intersection holds a 
binary digit or bit of information: “1” is represented by a protruding 
girder attached to the intersection, and “O” by the absence of a pro- 
truding girder. The replicator can move itself relative to the memory 
tape by means of kinematic elements. It can change a “1” to a “0” by 
separating a protruding girder from the tape intersection to which it 
is attached. It can change a “0” to a “1”, or extend the tape, by sensing 
a girder floating on the “sea” with a sensor element, picking up the 
girder, placing it in position using a kinematic element, and connect- 
ing it to the tape by means of a fusing element. 

This model thus deals with the geometric-kinematic problems of 
movement, contact, positioning, fusing, and cutting, but still ignores 
problems of force and energy (especially energy source, absorption, 
and dissipation). Von Neumann disregarded the fuel and energy prob- 
lem in his first design attempt, planning to consider it later, perhaps 
by introducing a battery as an additional elementary component. But 
the full kinematic machine was never realized in hardware, nor even 
fully designed, in part because of von Neumann's premature death in 
1957. The total number of machine parts (of at least eight different 
parts types) in a kinematic replicator was thought to be large, possi- 
bly running “into the hundreds of thousands, or millions.” 4“° 

Von Neumann's logical organization for a kinematic self-repli- 
cating machine is not the only one possible, but probably is one of 
the simplest ways to achieve completely self-contained machine rep- 
lication. In its underlying logic it is very close to the way living 
organisms seem to reproduce themselves.°?°! As is the case with 
living systems (Section 4.3), the constitutive parts are supplied free 
to the replicating machine, and those parts are of a relatively high 
order. That is, the machine dwells in a universe which supplies pre- 
cisely the sorts of things it needs (Section 5.6) as a kinematic device 
to make a duplicate of itself — much like living cells residing in a 
bath of dissolved oxygen, glucose, and nutrients. 

Our survey of specific kinematic replicator designs and models 
is in Chapters 3 and 4. 


2.1.3 The Cellular Automaton (CA) Model of Machine 
Replication 

Von Neumann evidently was dissatisfied with his original kine- 
matic model because of its seeming mathematical inelegance. The 
kinematic model, while qualitatively sound, appeared not easily sus- 
ceptible to mathematically rigorous treatment and so might not serve 
to convince a determined skeptic. Von Neumann apparently began 
work on his first manuscript”! to describe the cellular model in the 
Fall of 1952, then worked on it until sometime in late 1953, but 
never completed the full design of his cellular self-reproducing au- 
tomaton. The work was first presented publicly in the last of four 
Vanuxem Lectures delivered at Princeton during 2-5 March 1953. 
This original work was later edited and published in full in 1966 by 
Burks.*! 

Sometime in the late 1940s, Stanislaw Ulam,’ a Polish-Ameri- 
can mathematician who had also worked on the Manhattan Project, 
suggested to von Neumann that the notion of a self-replicating 
machine would be amenable to rigorous treatment if it could be 
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Figure 2.2. Finite state automaton cellular space, from von Neumann.‘ 


described in a “cell space” format — a geometrical grid or tessella- 
tion, regular in all dimensions.* Within each cell of this system re- 
sides a finite state automaton. These cell automata can only be af- 
fected by certain of their neighbors, and only in very specific ways. 
In the model von Neumann finally conceived,** a checkerboard 
system is employed with an identical finite state automaton in each 
square (Figure 2.2). In this system, as it evolved with subsequent 
research, the cell automata can be in one of 29 possible different 
states (Figure 2.3). Each automaton can communicate with its four 
cardinal direction (i.e., up, down, left, right) neighbors. The state 
of a cell automaton (CA) is determined by its own state and by the 
states of its cardinal direction neighbors.*** 

At the beginning of operation, all but a finite number of the cell 
automata are in a “U” or “unexcitable” state. If a given cell is in the 
“U” state, and all its neighbors also are in the “U” state, then at the 
next moment of time, the given cell remains in the “U” state. Thus 
the “U” states can be viewed as representing undifferentiated, pas- 
sive underlying substrate. Their passivity implies that they may in 
some cases serve as “insulation” surrounding more active cells in the 
system. 

Then there are “ordinary transmission” cell states. These are states 
which direct their activity in each of the four cardinal directions. 
Each of these may be in an excited or quiescent mode, so there is a 
total of eight different kinds of ordinary transmission states. In ad- 
dition, there are eight “special transmission states,” similar to the 
ordinary states in that they also point in each of the cardinal direc- 
tions and can be in excited or quiescent modes. The two basic kinds 
of transmission states — ordinary and special — differ in that the 
primary intended role of ordinary transmission states is the routing 
of informational signals, whereas the primary role of special states is 
to inject transforming signals into cell locations and thereby con- 
vert “U” cells into active elements (or, if need be, convert active 
elements back into “U” cells). 

The system also has four “confluent” states. These are activated if 
they receive signals from all cells in their neighborhood which are di- 
rected toward them. If activation occurs, then after two moments of 
time they emit signals outward toward any cell in their neighborhood 


* Konrad Zuse is sometimes credited**’ with originating the concept of cellular automata. 


** In September 1952, von Neumann was busy working on his cellular model. At first he conceived of his device as three-dimensional. To investigate this device, Goldstine*”’ 
reports that von Neumann bought the largest box of Tinker Toys to be had. “I recall with glee his putting together these pieces to build up his cells,” reports Goldstine. “He 
discussed the work with Bigelow and me, and we were able to indicate to him how the model could be achieved two-dimensionally. He thereupon gave his toys to Oskar 


Morgenstern’s little boy Karl.” 


*** Note that while this is true for von Neumann's CA, it is not true for all CAs in general which may include non-cardinal direction neighbors and other sorts of neighborhood 


templates in the determination of their state. 
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Figure 2.3. Twenty-nine states of von Neumann’s cellular automata, 
from von Neumann.* 


which does not have a transmission directed toward it. Thus, 
confluent cells can serve as AND gates, and as wire branching 
elements. Since they do not emit their output until two moments 
of time have elapsed, the confluent cells can also be employed to 
create time delays in the transmission of signals. The eight remain- 
ing cell states of the 29 originally employed by von Neumann are of 
less importance. These are temporary cell states which arise only as 
the operational states are being created from “U” cells. 

Von Neumann first showed how to design a general purpose com- 
puting machine in his cell space system. He did this by showing the 
design of various basic organs — “pulsers” to emit any desired finite 


train of pulses upon activation, “periodic pulsers” to emit repeated 
trains of desired pulses after activation until signaled to stop, “decod- 
ers” to detect the presence of certain patterns of pulses, and the like. 
Using these organs, von Neumann developed a design for the control 
portion of a computing machine in one region of the cell space. He 
then showed how to organize an adjacent but indefinitely extendable 
portion of the cell space into a memory or information storage unit, 
which could be accessed by the control unit. 

For the process of construction, von Neumann designed a con- 
struction unit (Figure 2.4), which, taking instructions from the 
memory unit, could send out a constructing arm (by creating an 
active pathway of transmission cells into a region of “U” cells) and 
at the end of the arm, convert “U” cells to the cell types specified in 
memory (Figure 2.5). He showed that this constructor could create 
any pattern of passive cells whatsoever. Thus, he had designed with 
mathematical rigor a universal constructor, relative to all possible 
passive configurations of cells in the cell space. 

Since the parent machine itself can be created in passive form, it 
can make a duplicate of itself by the following process.?!” The par- 
ent machine is supplied initially with instructions to make a dupli- 
cate of its control, construction and memory units (the memory 
unit initially is empty). After it completes this major construction 
phase, the instructions call for the parent machine to make a copy 
of the instructions in its memory and to feed them into the memory 
unit of the newly constructed machine. Then the parent machine 
activates the heretofore passive offspring machine, and withdraws 
the constructing arm. At that moment the offspring is a duplicate, 
in all respects, of the parent at the time the original machine com- 
menced its replicative activities. 
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Figure 2.4. Universal construction in the cellular automata model of machine replication, from von Neumann.‘ 
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Figure 2.5. Universal construction arm builds the memory tape in 
the cellular automata model of machine replication, from von 
Neumann.‘ 


Thus von Neumann was able to formally demonstrate? that his 
cellular model of machine replication possessed the several suffi- 
cient logical properties (Section 2.1.1) including logical universal- 
ity, construction capability, and constructional universality,°*4 thus 
enabling self-replication. 


2.1.4 Limitations of von Neumann's Cellular Automaton 
Model 

Although the 29-state von Neumann cellular array system (in- 
cluding a replicating device consisting of many millions of cells?”2375) 
permits a more elegant mathematical approach to the problem of 
machine construction and self-replication, it is more difficult to 
envision an actual useful physical implementation of the process 
(compared, say, to the kinematic model of replication). The entire 
cell space enterprise proceeds in a highly constrained artificial envi- 
ronment, one which is very special despite some features relating in 
a general way to the natural world. For example, the movement of 
objects in space, a ubiquitous and familiar phenomenon in the real 
world, becomes a complex process of deletion of cell states at one 
location and re-creation of these states at some other location. 

In von Neumann's model, there is an assumption of synchro- 
nous behavior throughout the system. All cells, no matter how dis- 
tant, are subject to change of state at the same instant, a property 
which would be difficult to implement in any practical large cell 
space. Indeed, the requirement of a source of clocking pulses vio- 
lates the array symmetry which makes the cell space notion an at- 
tractive object for mathematical treatment. 

It is also very difficult to design machines of interest which can 
be embedded in von Neumann's cell array format. To make design 
and embedding easier, a higher-level machine design language would 
have to be created. It is likely that, rather than undertake that task, 
one would first redesign the underlying cell space properties to rid 
the system of the deficiencies already noted. 

For instance, one might wish to introduce a new primitive cell 
state in the system to permit signals to cross without interference. A 
“wire-crossing” organ can be devised using only the original von 
Neumann primitive cell types, but this introduces an unnecessary 
complexity into the machine design process since the organ con- 
tains initially active cell states whose creation involves considerable 
extra care to avoid the propagation of spurious signals. This extra 
care is especially critical because the cell system, as von Neumann 
originally constituted it, is highly susceptible to signal errors. (He 
undoubtedly intended his probabilistic machine model to mitigate 
this sensitivity and fragility.) 
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Von Neumann's cell space system has very limited capacity to 
detect the states of cells. It has some capacity to detect states, for 
this is required in the operation of the memory unit. But a ma- 
chine cannot analyze an arbitrary encountered cell to determine 
what state it is in, thus cannot “read” the states of an encountered 
machine. This inability severely restricts the capacity of von 
Neumann-type cell-space machines to repair other machines or to 
attempt self-repair. Such limitations also are evident in the con- 
struction process, where the constructing machine must assume 
that the region in which a new machine is to be created consists 
entirely of elementary quiescent cells. Should this not be the case, 
there is no systematic and complete way to detect it. A machine 
can send destruction signals into cells to reduce them to the qui- 
escent form. Unfortunately, in some cases one must know the state 
of the cell ahead of time in order to determine what destructive 
signal must be sent to destroy it. 

Finally, all machines that can be produced in von Neumann’s 
cell space system are essentially information transactional devices. 
Even construction is, in this context, a form of information pro- 
cessing. Physical construction and material transformations can 
possibly be viewed as informational processes but, in a practical 
sense, the cell-space notion is far from providing a readily useful 
paradigm of actual manipulation and transformation of physical 
materials — that is, of kinematic self-replication. 


2.1.5 Design for Nonevolvability 

From the perhaps limited perspective of our desire to build “in- 
herently safe” (Section 5.11) kinematic machine replicators that are 
incapable of evolving out of our control, Taylor™* points out that 
von Neumann’s work on self-replication concerned the question of 
how machines might be able to evolve increased complication in 
order to perform increasingly complex tasks. This is why von 
Neumann’s design for a self-replicating machine had to be capable 
of universal construction, and why it could withstand some kinds 
of mutations. Von Neumann's architecture was designed specifically 
to allow for a possible increase in econ (Section 2.1.1) and 
efficiency of machines by evolution,”**” and it is quite clear that he 
was primarily interested in self-reproduction that could lead to 
open-ended evolution.’ Noted von Neumann:*”° “Anyone who 
looks at living organisms knows perfectly well that they can pro- 
duce other organisms like themselves.... Furthermore, it’s equally 
evident that what goes on is actually one degree better than 
self-reproduction, for organisms appear to have gotten more elabo- 
rate in the course of time. Today’s organisms are phylogenetically 
descended from others which were vastly simpler than they are, so 
much simpler, in fact, that it’s inconceivable how any kind of de- 
scription of the later, complex organism could have existed in the 
earlier one.” 

As to the nature of the information encoded on a self-descrip- 
tion tape, Taylor“ observes that von Neumann suggested “it is 
better not to use a description of the pieces and how they fit to- 
gether, but rather a description of the consecutive steps to be used 
in building the automaton” (von Neumann,>!® p. 486). In other 
words, to optimize system auto-evolvability the information should 
be in the form of a developmental recipe rather than a blueprint 
(Section 5.1.9 (B5)). (The obvious corollary is that using blueprints 
rather than recipes can help to minimize auto-evolvability, which 
may be desirable in designing for public safety; Section 5.11.) The 
evolutionary advantages of this kind of genetic description have also 
been discussed by biologists such as Dawkins*”’ (pp. 177-178, pp. 
250-264) and Smith? (pp. 21-23), who note that from an evolu- 
tionary viewpoint, one of the most important features of the devel- 
opmental approach is that it allows mutations on the genotype to 
have a wide range of magnitudes of phenotypic effect. For instance, 
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mutations affecting the early developmental process can potentially 
lead to gross macroscopic changes in phenotype, whereas those af- 
fecting later stages can have the effect of “fine-tuning” particular 
structures.*“4 

Thus it seems axiomatic that desirable artificial nanomachines 
which are capable only of “inherently safe” replication without the 
possibility of surviving mutation or of undergoing evolution should 
have a simpler, less-capable architecture than those proposed by von 
Neumann and by others who are interested primarily in modeling 
living processes which need the more-capable architectures. That is, 
it should be possible to abandon complete logical or constructional 
“universality” and still retain the ability to self-replicate, but with- 
out the ability to self-evolve (Section 5.1.9 (L)). Drexler*”® has also 
noted the brittle organization of mechanical-style replicating sys- 
tems as compared to organic-style replicating systems, and concludes: 
“It seems that building a self-replicating molecular system based on 
nanomachinery does not entail building a system capable of evolu- 
tion. Indeed, it seems that the latter would be a distinct and chal- 
lenging goal.” 


2.2 Subsequent Work on Computational Models 
of Self-Replication 


2.2.1 Cellular Automata Models of Self-Replication 

Work on cell-space automata systems in the period following 
von Neumann's virtually unique*””**” contributions has been both 
lively and extensive, and has taken many different research direc- 
tions.??!3368 The underlying cell-space notion of an homogeneous 
medium with a local transition function that determines global prop- 
erties has been employed in numerous modeling and simulation 
projects. For example, weather simulations use the idea of connected 
cells, the changes of each cell state described by a set of differential 
equations. Studies of the flow of excitation in heart tissue, the dis- 
persal of medicinal drugs, pattern recognition and cryptography,**” 
autocatalysis,** prion infection,!”*° biological cell function,” 
and even the origin of life? 43344 a1] have employed the cell-space 
concept. Cell spaces also have been investigated as abstract math- 
ematical objects where, for instance, one tries to determine whether 
from every mathematical pattern all other patterns can be attained, 
and whether there are some patterns not attainable at all by means 
of the transition function, and various other specialized questions. 
Even by the late 1960s, the investigation of cell-space systems as 
abstract mathematical entities or as vehicles for spatial modeling 
and simulation (especially cell-space imaging applications*“*) was 
already vigorous and prolific. Work on cellular automata has been 
reported under many other names including iterative arrays, tessella- 
tion automata, cellular spaces,*®? modular arrays, and polyautomata.*“° 

Much work in cellular automata has attempted to carry forth 
the von Neumann program of cell machine construction and 
self-replication. For instance, Codd34’ recapitulated the von 
Neumann results in a simpler cell space requiring only 8 states rather 
than 29, using “sheathed loops”?**? surrounding the replicating 
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device (believed at the time to be essential for indicating growth 
direction and for discriminating right from left348), but his device 
required about 100,000,000 cells?”*373 (later reduced to 94,794 
cells by Devore’). This produced a machine design recognizably 
closer to that of present-day computing machines. Myhill,°*° try- 
ing to mitigate the artificiality of the indefinitely extended 
pre-existing cell space, designed a system in which componentry 
was drawn into a cell-grid system and was then employed as ma- 
chine constituents somewhat as biological cell constituents might 
be drawn through a membrane to be used at an intracellular work 
site. Myhill?*! and Ostrand?** generalized von Neumann’s basic 
result to other configurations and higher dimensional cellular spaces. 
Arbib,>** attempting to make the movement of cell machines a less 
cumbersome matter, designed a cell-space system in which cells 
and blocks of cells might be joined together by a “welding” opera- 
tion, thus becoming rigid “co-moving” configurations “as if held 
together by chemical bonds.” Moore”? established theoretical up- 
per bounds on the rapidity of growth of a population of 
self-replicating configurations, and many others?°???13°738° have 
continued to examine various fundamental definitional issues of 
replicating cellular automata, and to explore fault-tolerant 
self-replicating CA structures.>°°.86 

How simple can a self-replicating cellular automaton be? Reggia 
et al®“8 point out that although the von Neumann and Codd struc- 
tures do self-replicate, they generally consist of tens of thousands or 
millions of components or active cells and as a result have never 
actually been completely simulated computationally*®”>** because 
of their tremendous size and complexity.* In 1970, Smith*®’ and 
Banks*™ introduced additional simplifications to the cell-space 
notion, showing that the von Neumann program could be reca- 
pitulated in underlying cell spaces of an extremely elementary sort. 
Indeed, the “Game of Life” created by Conway???” is a cell-space 
system which, despite its very simple transition rules, has been 
claimed to be capable of expressing both universal computation and 
construction. The game involves a checkerboard cell array with cells 
in one of two states, “O” or “1.” A point whose state is “O” will 
change to state “1” if exactly three of its eight neighbors are in state 
“1.” A point whose state is “1” will remain in that state if two or 
three of its neighbors are also in state “1.” In all other cases, the 
state becomes or remains “0.” In the Fredkin cell space defined by 
the “two-state Parity rule” each cell goes to “1” ifan odd number of 
neighbors are “1” and goes to “O” if an even number of neighbors 
are “1” — the Fredkin Parity rule will then make copy after copy of 
whatever starting pattern you give it, with the number of cycles to 
obtain a replica depending upon on the seed configuration (the larger 
the seed, the longer replication takes) 297.398 

A breakthrough in cellular automata theory came in 1984, when 
Langton®””? realized that the capacity for universal construction is a 
sufficient but not necessary condition for self-replication,** noting 
that natural biological systems are not capable of universal construc- 
tion either. He set out to find the logical organization of the small- 
est possible structure that could accomplish self-replication (and 


* Umberto Pesavento, a young Italian high school student and software prodigy, developed a simulation 


388 of von Neumann’s entire universal constructor, under the direction 


of Renato Nobili who provided “the graphic environment of the program and all ideas on how to pursue the goal”.*%° The computing power available did not allow Pesavento to 
simulate either the entire self-replication process (the length of the memory tape needed to describe the automaton would have required too large an array to execute in a reasonable 
period of time) or the Turing machine necessary to implement the universal computer, but he was able to demonstrate the full functionality of the constructor.?% For example, 
according to Tim Hutton.*” “If you wrap the memory around, [the program] will fit in a reasonable amount of space. The problem comes when executing the CA, since the number 
of active cells grows hugely. Umberto said this to me: ‘Are you trying to run a full self-reproduction? The tape size should not be a problem in the geometrical sense but sending 
information up and down the arm that reads the tape may be slow for a tape that long.’ Of course, with a highly parallel hardware implementation of the CA this would not be 
a problem, but for serial implementations, even those which take advantage of the fact that only active cells need to be processed, the computation time is too great. I left the 
machine running on my 1.7GHz machine for a week and it went from thousands of iterations per second down to one iteration per five seconds, having only got less than half 
way down the tape. There are ways of simulating the tape to avoid these problems but they require treating some cells differently from others, which is unsatisfactory.” 


** In 1969-1971, Alvy Ray Smith provided a proof,’ based on the famous Recursion Theorem of recursive function theory, that computational universality alone will suffice for 
nontrivial machine replication (as cellular automata).*“* Von Neumann required both computational universality and construction universality in his self-reproducing machines. 
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nothing else). Langton discovered that looplike storage devices, pre- 
viously present only as modules within earlier self-replicating cell 
automata designs, could be programmed to replicate on their own 
(Figure 2.6). These devices (e.g., an 86-cell loop embedded in an 
8-state 2-D cellular space) typically consist, first, of a string of com- 
ponents that circulate around a rectangle, and, second, a construc- 
tion arm that protrudes from a corner of the rectangle into the sur- 
rounding cellular space.*°° The instructions are used twice, once 
for translation and again for transcription. In 1989, Byl?® discov- 
ered a much smaller 12-cell self-replicating loop embedded in a 
6-state cellular space, and in 1993 Reggia et al*“* found an even 
smaller “unsheathed” replicating loop, an information pattern com- 
prising only 5 cells embedded in a 6-state space that can replicate in 
just 17 cycles. This simple replicator was demonstrated in 2001 
using chess pieces on a chess board.” 

Chou and Reggia*’? and Pargellis“** observe that a selected 
cellular automaton grid “primordial soup” will spontaneously give 
rise to small self-replicating structures without seeding, and that 
cellular automata can readily support evolution.>“°>*°° Simple 
self-replicating loops for reversible cellular automata (e.g., follow- 
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Figure 2.6. Self-replication of 
Langton’s SR loop. (courtesy 
of Sayama‘) 
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have been investigated by Morita and Imai.*°4!? Others continue 
to explore interesting extensions of these loops,“0?°419 including 
self-replication*'* and evolution>®° implemented in asynchronous 
cellular automata. For example, Mange et al‘!*!° present a gener- 
alized self-replicating loop called the “Tom Thumb algorithm” which 
is endowed with universal construction and which verifies the six 
criteria of autopoietic machines (Section 5.1). 
Self-replicating computer programs (often called quines 
have been written in more than 50 different software lan- 
guages,* 419-427-473 Various other forms of self-replicating software 
have served as the basis for games such as “Core Wars” 428-432 Hauser 
and Buckley's “Apple Worm’”,*?? Wator,*** Flibs,*°? and many** ar- 
tificial life simulations®”2773-> including most notably Nils 
Barricelli’s symbioorganisms‘4>-“” and Thomas Ray’s “Tierra” vir- 
tual organisms,*? digital worms,**?“9” computer viruses,*** 48°45 
and studies of the “biology” of digital organisms by Adami and oth- 
ers! (Adami? notes that “evolving, self-replicating pro- 
grams behave just like evolving, self-replicating molecules, and their 
dynamics are indeed well described by Eigen’s theory (Section 4.1.6) 
of macromolecular evolution” — although computer viruses do not 


418,425) 


ing the pattern of a retractile cascade in a reversible computer*°’) —_ obey the same rules as biological viruses, such as Koch’s Postulates).°!4 


* Merkle prefers to quote the following example of the shortest known (one-line) C program that prints out an exact copy of itself without any user input, originally published 
by professional C programmers Burger, Brill and Machi*? in 1980, who crowed that their tiny self-replicating program is a mere 101 bytes in length: 
main() {char q=34,n=10, *a=“main() {char q=34,n=10, *a=%c%s%c;printf(a,q,a,q,n);} %c”;printf(a,q,a,q,n);} 
Written in English, these instructions would read as follows: 
Print the following statement twice, the second time in quotes: 
“Print the following statement twice, the second time in quotes:” 
As a former aficionado of the now ancient Commodore PET/CBM line of personal computers, Freitas is pleased to pass along the 1981 observation of then-ninth-grade 
high-school student William Sommerfeld‘ that the simplest known self-replicating program, executable on the PET, technically requires only 2 bytes of storage because of 
the way the PET BASIC interpreter stores instructions, and may be written simply as: 1 LIST 


** Some artificial life simulations don’t involve self-replicating software directly, but simply data that are copied by an “external” program, as in the case of genetic algorithms. 


*** As of 16 May 2003, there were 63,791 computer viruses recognized and catalogued by Norton AntiVirus.*” According to Harold Thimbleby,*° “a computer virus is a piece 
of program code that attaches copies of itself to other programs, incorporating itself into them so that the modified programs, while still possibly performing their intended 
function, surreptitiously do other things. Programs so corrupted seek others to which to attach the virus, and so the ‘infection’ spreads. Successful viruses lie low until they 
have thoroughly infiltrated the system, and only reveal their presence when they cause damage. The effect of a virus is rarely traceable back to its originator, so viruses make 
attractive weapons for vandals. Computer viruses generally work by altering files that contain otherwise harmless programs. This is infection. When an infected program is 
invoked, it seeks other programs stored in files to which it has write permission, and infects them by modifying the files to include a copy of itself (replication) and inserting 
an instruction to branch to that code at the old program's starting point. Then the virus starts up the original program so that the user is unaware of its intervention. The 
exact details vary from virus to virus.” 

Thimbleby*"* defines other kinds of malicious software as follows: “A logic bomb or time bomb is a destructive program activated by a certain combination of circumstances, 
oron a certain date. A Trojan horse is any bug inserted into a computer program that takes advantage of the trusted status of its host by surreptitiously performing unintended 
functions. A worm is a distributed program that invades computers on a network. It consists of several processes or ‘segments’ that keep in touch through the network; when 
one is lost (e.g., by a server being rebooted), the others conspire to replace it on another server — they search for an ‘idle’ server and load it with copies of themselves. Like 
viruses, worms spread by replication; unlike them, they may run as independent processes rather than as part of a host program.” 

Thimbleby** briefly recounts the prehistory of the computer virus as follows: “In 1962, V.A. Vyssotsky, a researcher at Bell Telephone Laboratories (New Jersey), devised 
a game called Darwin, played on an IBM 7090 computer. The object of the game was survival, for ‘species’ of programs to fight it out in an arena set up in the 7090's memory. 
Successful programs would be able to make more copies of themselves, and perhaps go on to take over the entire arena. The idea was taken up ten years later*’” and converted 
to run on other computers. Within the somewhat arbitrary rules of the game, Doug McIlroy invented what he called a virus: an unkillable organism that could still fight. The 
idea of a maliciously self-propagating computer program originated in Gerrold’s 1972 novel When Harlie Was One,*8 in which a program called telephone numbers at random 
until it found other computers into which it could spread. Worms were also presaged in science fiction, by Brunner’s 1975 novel The Shockwave Rider;*”’ the first published 
report of a worm program, done in 1982 by Shoch and Hupp**? as an experiment in distributed computing, included a quotation from this book.” 
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Still others have demonstrated, for example, the spontaneous 


emergence of self-replicating LISP programs,*’*°79°*%*! although 


Koza?’”3’? estimates that “the probability of creating a self-repro- 
ducing computer program entirely at random must be exceedingly 
small.”* There are also mimetic replicators””” such as ideas, rumors,** 
jokes, advertisements as in “viral marketing”, sentences, 4 musi- 
cal tunes,®” or poems,*** collectively called “memes,” that spread 
throughout a population by being copied again and again as people 
pass them on to their friends, thus replicating themselves on the 
social substrate of active human minds.*?*”° Thus memes may be 
regarded as a species of self-replicating automata. 

Although cellular automata replicators often do not readily lend 
themselves to physical realization, physical arrays of parallel proces- 
sors such as the field-programmable gate array (FPGA) and other 
pieces of specialized hardware”? have been built that exhibit proper- 
ties such as self-repair (healing) and self-replication.”*° A good ex- 
ample is the “Embryonics project”**!>“” — e.g., the “Bio Wall” (Fig- 
ure 2.7) unveiled in February 2002 by the Logical Systems Labora- 
tory of the Swiss Federal Institute of Technology Lausanne (EPFL or 
Ecole Polytechnique Fédérale de Lausanne)**?“° for fault-tolerant 
computing.” The main goal of the Embryonics project™? is to imple- 
ment, in an integrated circuit, a system inspired by the development 
of multicellular organisms and capable of self-test and self-repair. In 
Embryonics, an artificial organism (a group of artificial cells that 
executes a given task) is realized by a set of cells distributed at the 
nodes of a regular two-dimensional grid. Each cell contains a small 
processor coupled with a memory used to store the program (identi- 
cal for all the cells) that represents the organism’s genome. In the 
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Figure 2.7. BioWall implementation show- 
ing genotypic data path and phenotypic 
representation of Swiss flag. (photograph 
by A. Badertscher, courtesy of Daniel 
Mange’!) 


organism, each cell realizes a unique function, defined by a subpro- 
gram, called the gene, which is a part of the genome. The gene to be 
executed in a cell is selected depending on the cell’s position within 
the organism as defined by a set of X and Y coordinates. 

The first kind of self-replication in Embryonics systems is that 
of the organism. An artificial organism is capable of replicating it- 
self when there is enough free space in the silicon circuit to contain 
the new daughter organism and if the calculation of the coordinates 
produces a cycle. In fact, as each cell is configured with the same 
information (the genome), the repetition of the vertical coordinate 
pattern causes the repetition of the same pattern of genes and there- 
fore also, in a sufficiently large array, the self-replication of the or- 
ganism for any number of specimens in the X and/or Y axes. 

There is also a second replication process, corresponding to the 
cellular division process in biological entities, that is used to put in 
place the initial array of cells that will then be differentiated to ob- 
tain the organism. The need to build cells of different size and struc- 
ture depending on the application naturally led to the use of pro- 
grammable logic (FPGAs) as a physical substrate. Each of the com- 
putational elements of the Embryonics FPGA can thus be seen as 
“molecules” assembled in a precise configuration to form a cell. Since 
all cells are identical, the development process is analogous to the 
replication of this configuration for as many iterations as there are 
cells in the organism. 

To implement this replication, Embryonics splits the process into 
two phases: (1) the structural phase, where a “skeleton” is created in 
order to divide the physical space in a collection of groups of mol- 
ecules which are empty cells; and (2) the configuration phase, where 


* Koza?” estimates that the probability of finding of the classical cellular automata programs in a blind random search as follows: 


Proposed Models Number of Components Probability of Positive Search 
Codd's eight-state automata?” 10° cells ~10°9,900,000 

Von Neumann's 29-state automata >200,000 cells >107792,480 

Devore’s version of Codd?“ 94,794 cells 10°%5,315 

Ray's handwritten Tierra program‘? 80 lines of code 107 

Langton’s simple CA program?5*35 100 cells 10” 

Ray's evolved Tierra program 22 lines assembly code 10° 


** An amusing example:*’ “In the reformatory at Caserta, Italy, as guards watched a movie, five youthful prisoners escaped. The movie the guards were watching was about 


guards who watched a movie while youthful prisoners escaped.” 


*** There is a short story written by David Moser*** in which every sentence in the story is self-referential. 
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the configuration is sent in parallel into all the empty cells created 
during the structural phase. The structural phase is implemented 
by a small cellular automaton, integrated into the molecular grid, 
capable of transforming a one-dimensional string of states (analo- 
gous to a configuration bitstream stored in a memory chip) into a 
two-dimensional structure (i.e., the blocks that will host the cells). 
This replication process is quite different from biological cellular 
division because all cells are created in parallel. A new approach,‘ 
designed to be integrated with Embryonics, implements a cellular 
division much closer to real biology. 

In 2000, an FPGA embodying a single 29-state cell of von 
Neumann's original cellular automata model was implemented in 
hardware by Beuchat and Haenni.*!” The Cell Matrix!™ **° archi- 
tecture represents another physical architecture that could support 
cell automata self-replication and self-organization, and other novel 
electronics architectures based on cellular automata have been dis- 
cussed. 4*° Tt may even be possible to self-assemble FPGAs.?> 

Wilke and Adami??? summarize the current state of their field as 
follows: “The main focus of digital life research is a sort of com- 
parative biology, which attempts to extricate those aspects of simple 
living systems that are germane to the type of chemistry used, from 
those that are not.>° Additionally, digital life can help to refine 
mathematical theories and aid in developing and quickly testing 
new hypotheses about ecological and evolutionary processes. Cur- 
rent state-of-the-art digital life research platforms create essentially 
single-niche ecosystems, and the dynamics that unfold are similar 
to bacterial or viral evolution in chemostats. However, more com- 
plex ecosystem structures can be realized within the paradigm of 
self-replicating computer programs, and we can expect research to 
increase in this area. Apart from their usefulness as a tool of under- 
standing evolution in general, it is important to study the biology 
of artificial life forms in their own right. Recently, Lipson and Pol- 
lack?”’ showed that the principles of simple self-replicating robots 
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Figure 2.8. Typical run of JohnnyVon 
program with aseed strand of 8 codons 
and a soup of 80 free codons.**! (© 
2003 NRC; permission to use copy- 
right material courtesy of Peter 
Turney) 


are within reach of current technology (Section 3.20). Eventually, 
such robots, and the software that directs them, might evolve with- 
out human interaction, at which point they would become part of 
the ecosystem in which we live.” 

It is worth noting that robots cannot really be considered part of 
the ecosystem unless they can forage for raw materials (in said eco- 
system) as well as replicate themselves. Such an ability to forage is 
unlikely to be developed, deployed, or even to be made legal be- 
cause it would violate the Foresight Guidelines””! and could threaten 


public safety (Section 5.11). 


2.2.2 Computational Modeling with Continuous Space 
and Virtual Physics 

There is a long history of work on self-replicating cellular au- 
tomata (Sections 2.1.3 and 2.2.1) which are discrete, finite-state, 
abstract machines that replicate in a tessellated (fixed-grid) universe, 
like the squares on a checkerboard. But some researchers believe 
that continuous models may have many advantages over discrete 
models, such as increased realism (because the real physical world is 
continuous) and robustness. (The distinction between “discrete” and 
“continuous” comes from mathematics, wherein, for example, the 
integers are discrete but the real numbers are continuous.) Follow- 
ing this idea, Smith, Ewaschuk and Turney‘*! have recently devel- 
oped a computer model called “JohnnyVon” which consists of 
self-replicating mobile automata that move around in a continuous 
two-dimensional space — a virtual “soup” of simulated fluid. The 
particles are subject to simulated laws of artificial physics including 
inertia, Brownian motion, pseudo-viscosity, and spring-like attrac- 
tive and repulsive forces. The choice of a 2-D space for the initial 
work was a tradeoff between computational complexity and real- 
ism, since 2-D is more realistic than 1-D yet is easier to compute 
than a 3-D model (the present 2-D simulation runs on a desktop 
computer). 
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The automata particles or “codons” (each carrying one bit of 
information) can encode arbitrary bit strings and comprise T-shaped 
virtual objects that possess both attractive and repulsive fields. These 
objects form chains and the chains replicate, much like DNA repli- 
cates (Figure 2.8). The initial seed pattern can be arbitrary. In na- 
ture, a seed pattern such as a particular string of DNA can replicate, 
but it can also encode a plan for building something such as a pro- 
tein, cell, or organism. In the original implementation of JohnnyVon, 
seed patterns can only replicate; they do not encode plans for build- 
ing things. That is, they are all genotype, no phenotype. 

Consistent with the Foresight Guidelines (Section 5.11), 
JohnnyVon’s design does include a built-in safety factor: it can only 
assemble things using the codons as components. The system in- 
cludes no ability to create new codons out of raw materials found in 
the environment. New codons must be created by some other pro- 
cess — in a physical implementation, this would presumably re- 
quire some type of external traditional manufacturing process such 
as lithography. Notes Turney:°”? “It’s as if we had discovered a way 
to make Lego bricks self-assemble into finished structures. Once all 
the loose Lego bricks are used up, the process necessarily halts.” 

However, because the researchers are interested in investigating 
aspects of living systems as opposed to manufacturing systems, their 
approach incorporates several capabilities that might diminish the 
“inherent safety” (Section 5.11) of the replication. For example, even 
without a starting seed, self-replicating patterns can arise spontane- 
ously. In other experiments that do use a seed pattern, JohnnyVon 
demonstrates four properties required for evolution: (1) patterns 
that replicate, along with (2) characteristics that are inherited, along 
with (3) mutation and (4) a selection process that favors the replica- 
tion of some patterns over others, based on their inherited charac- 
teristics.» Evolvability (Section 5.1.9 (L)) is an undesirable prop- 
erty of physical replicators intended to perform their functions safely 
in the physical world, so additional safeguards to forestall evolution 
may be required before JohnnyVon should be developed into a ro- 
bust physical implementation. 

The next step in this research — to add phenotypes, ongoing 
work still unpublished as of 2003 — includes a new software imple- 
mentation’ wherein a strand replicates a fixed number of times 
and then ceases all further replication. After ceasing replication, the 
strand enters a new state in which it becomes a “phenotype” (a “body”) 
rather than a “genotype” (a template for replication). In this new 
“phenotype” state, the strand is no longer straight; it folds into a 
shape that is determined by the pattern of 0s and 1s that it encodes, 
intended to be analogous to the way that proteins fold in real life. 
The angles between adjacent codons in the strand depend on whether 
a 0 codon is adjacent to a 1 codon, two 0 codons are adjacent, or two 
1 codons are adjacent. The strand can be bent into an arbitrary shape 
by encoding the appropriate sequence of 0s and 1s. Turney”? ex- 
plains: “The obvious approach to ‘productive replicators’ (Section 
5.1.9) is to have two types of entities: replicating entities (genotypes) 
and final product entities (phenotypes). Instead, we have a single 
entity that switches roles over time (genotype as a child, phenotype 
as an adult) (cf. Figure 3.39). This is a very efficient approach to 
manufacturing, since all of the entities eventually become part of the 
final product. There is no residue of non-functional replicating enti- 
ties that must be filtered out of the final product.” 


2.3 Alternative Models of Machine Replication 
Subsequent theoretical work explicitly derived from von Neumann’s 
research effort has focused mainly on the molecular biological analo- 
gies that can be drawn. For instance, Laing’?”*® employs a hybrid 
cellular-kinematic model (Section 3.8) of machine construction and 
shows that neither existing natural nor artificial machines need be 
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bound to follow the “classical” replication paradigm. In the classical 
paradigm, a program (DNA in living systems) is first interpreted to 
construct a machine (ribosomes and the other molecular machinery 
of a cell) and then is read a second time to make a copy of the pro- 
gram for insertion into the newly constructed duplicate machine 
(DNA replication in living cells). The principal contribution of Laing 
is to suggest reproductive strategies other than direct analogs to the 
known biological process. In this new conception, a machine is able 
to identify all of the components of which machine systems are com- 
prised (not merely a subset as in the von Neumann cell system), and 
can access all of an existing machine structure without requiring dis- 
mantling of the system (as would be required in the von Neumann 
model). For example,”® to produce offspring a parent could begin 
with a description, or with a set of instructions for construction, or 
with a set of instructions for a description, or with a description of a 
set of instructions for a construction, or with a description of a set of 
instructions for a description, or with a constructor of a describer of a 
set of instructions, etc. Once these and other similar concepts are 
brought to bear on the problems of machine reproduction, many 
alternative reproduction strategies immediately become apparent — 
a selected few of which are briefly reviewed below. 


2.3.1 Simplified von Neumann Automaton Replication 

Von Neumann’s automata replicative process closely mirrors the 
biological one. In the original model, instructions exist in two cop- 
ies. One of the copies is read and acted upon to construct another 
machine, but without instructions. The second copy is then read 
and copied twice, and this double copy is inserted into the passive 
constructed offspring machine which is then turned on and released, 
thus completing the act of replication. There is no logical necessity 
for having two sets of identical instructions. Von Neumann em- 
ployed two copies of the instructions because it eliminated the criti- 
cism that the instructions might, in the first (construction) phase, 
become corrupted and so not be able to transmit a true version for 
the use of offspring machine. Another solution is to provide the 
machine proper with an automatic “wired-in” copy routine which 
the program calls for at the proper time. 


2.3.2 Von Neumann Automaton Replication with 
Diversification 

Consider a single instruction tape, and a constructor machine 
which reads the instructions once to build the offspring machine 
and again to make a copy of the instructions for the offspring ma- 
chine. Notice that although the instructions available to the system 
yield a duplicate of the original system, this need not always be the 
case. Machines may read and interpret instructions without know- 
ing what they are being called upon to do. The instructions might 
call for some computational, constructional, or program-copying 
activities. The machine can be programmed to make machines un- 
like itself, and can give these “unnatural” offspring copies of the 
instructions which were employed in their manufacture. If the off- 
spring are also equipped to read and follow instructions, and if they 
have a constructional capability, their offspring in turn would be 
replicas of themselves — which might not resemble their “grand- 
parent” machine at all. Thus, an original construction machine can 
follow instructions to make an indefinitely large number of diverse 
machines, that are like or unlike themselves, capable or not capable 
of constructing, replicating, and so forth.°%4 


2.3.3 Thatcher's Variant: Inferring Structure 

Thatcher*® showed that a machine need not have an explicit 
construction program made available to it initially in order to cre- 
ate a duplicate of itself. First, it is sufficient that a machine can 
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secure a description of itself (in place of instructions) if the machine 
is equipped with the capacity to read the description and convert 
this into the necessary constructive actions. Second, Thatcher showed 
that such a machine need not have its description loaded before- 
hand into its accessible memory organ. Instead, the machine has a 
partial self-description hard-wired into itself in the form of circuits 
which, when stimulated, make the description available to the ma- 
chine in its accessible memory organ. These data describe all of the 
machine except the hardwired part which was stimulated to emit 
the description in the first place. The problem then, for the ma- 
chine, is to obtain the description of this hidden part of itself. Lee* 
and Thatcher” showed that this section of the device can be con- 
structed in such a simple fashion that the system can infer how this 
part must have been constructed merely by examining the conse- 
quences of its actions (e.g., the partial description that it produced). 
After inferring the nature of this hidden part of itself, the machine 
possesses a complete self description and can then follow von 
Neumann’s paradigm for replication. 

The principal practical significance of this result is to remind 
the designer that the information required for machine construc- 
tion (whether replication or otherwise) need not be in the form of 
instructions for constructions but can instead be in the form of a 
description. Moreover, the description need not even reside in an 
accessible organ such as memory registers but may be embedded in 
“inaccessible” hardware. The hypothetical infinite regress (Chapter 
1) likewise is shown to be baseless — it is possible for a machine to 
have within itself only a part of its own description, and from this 
to infer the rest. However, there may be an elevated risk of evolvability 
using this scheme. 

Case*® offers the metaphor of a transparent self-replicating ro- 
bot that examines itself in a mirror, writes down its own description 
on a blackboard from what it sees in the mirror, and then uses the 
description written on the blackboard to build a copy of itself. Ex- 
plains Case: “Note that the robot's self copy is projected externally 
to the robot itself. In this way infinite regress is not required for the 
robot to have complete (low level) self-knowledge.” Others have also 
examined the issue of machine self-reference?” ! 


2.3.4 Replication by Component Analysis 

In von Neumann's cellular model, an embedded machine can- 
not send out an inspection arm to an encountered machine to iden- 
tify all of its states. However, the cell space system could be rede- 
signed to permit this. In such a system, an analyzing machine could 
examine an encountered passive machine and identify the type and 
location of all its cell automata. (The analyzer might of course have 
to penetrate the machine, thus altering its automaton states, so the 
inspecting arm would have to send out appropriate restoration con- 
struction signals.) 

In von Neumann’s kinematic model, a machine ostensibly could 
identify all parts of the system and thus determine the type and 
location of all components. This opens the possibility that a ma- 
chine system might, for example, replicate essentially two machines 
— one active, the other passive (or able to assume passivity under a 
signal from the active machine). This possibility and others have 
been explored by Laing’’”*® in a series of papers presenting alter- 
native replicative strategies which include the following: 


a. Unilateral Reverse Engineering. Beginning with two identical 
machines, one active and one passive, the active machine reads 
the passive machine twice, producing one active and one pas- 
sive machine, thus completing replication. 


b. Cooperative Reverse Engineering. Beginning with two ma- 
chines (not necessarily identical) one machine reads the second, 
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and makes a duplicate of it. Then the second reads the first, and 
makes a duplicate of it, active and passive status being exchanged. 
This result can be generalized to multiple machines.>%4 


c. Inferential Reverse Engineering. By combining the capacity 
of machines to read machines with the Thatcher result, one can 
hardwire a machine to construct a second machine which is a 
duplicate of the original except for the hardwired part which 
produced the second machine. The original machine then reads 
the newly constructed partial duplicate, and infers what the 
missing hardwired part must be. The original machine then 
constructs the missing part, completing the replicative process. 
This result also explicitly confronts and overcomes the “neces- 
sary machine degeneracy” criticism of automata self-replication. 


2.3.5 Machine Replication without Description 

In the machine replication schemes examined thus far, some arbi- 
trary part of the machine which cannot be inferred is always made 
explicitly available in memory initially, or is implicitly made avail- 
able in memory or for inspection by means of an internal wired-in 
memory, also not directly accessible. Laing®®° showed that even this 
wired-in description is not necessary. In effect, a machine can carry 
out a self-inspection which can yield a description which in turn can 
be made available to the machine in constructing a duplicate of itself. 

The process begins with a wired-in construction routine which 
produces a semiautonomous analyzer machine. This analyzer moves 
over the original machine and identifies the type and location of its 
componentry. This is reported back to the original machine, which 
uses this information to make a duplicate of itself. Thus, though it 
may be that a part of a machine “may not comprehend the whole” 
in a single cognitive act, a part of a machine can examine in serial 
fashion the whole machine, and in time can make this information 
available to the machine for purposes of replication. In other words, 
if the structure of a parent automaton can be inspected and thus 
can serve as the blueprint for its offspring, then the system can trans- 
fer the parent’s information to its offspring. 

In the example of self-inspection shown in Figure 2.9, the initial 
automaton configuration is (D) = general-purpose constructor, (C) 
= optional substring, (B) = destroyer, and (A) = special-purpose con- 
structor. According to Laing,*°! the process proceeds as follows: 


i. (A) constructs (1) analyzer, (2) inferrer, (3) general-purpose con- 
structor, and (4) destroyer. 


ii. analyzer (1) identifies the primitives of (A), (B), (C), and (D); 
inferrer (2) uses this information to instruct general-purpose 
constructor (3) to produce (E), the emitter of a description of 


(A), (B), (C), and (D). 


iii. the emitter (E) produces the description (5) of (A), (B), (C), 
and (D). 


iv. destroyer (4) removes the emitter (E) 
v. destroyer (B) removes (1), (2), (3), and (4). 


vi. constructor (D), using description (5), produces (A)’, (B)’, (C)’, 
and (D)’. 


vii. destroyer (B) removes description (5). 


Self-replication of the original automaton is now complete, solely 
via an examination of its structure. “Whatever properties the origi- 
nal possessed at the time of reproduction are now recreated in the 
offspring ... a model of reproduction in which the use of a distinct 
description is not central to the process and in which any acquired 
characteristics of the original parent string would be reproduced 
in the offspring string.*°! In other variants of this system, “the 
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information acquired by the new analysis string need not be tem- 
porarily stored in the description and emitter of a description, but 
is acted upon as it is acquired. Machine reproduction by 
self-inspection without creation and destruction of auxiliary strings 
can [also] be exhibited in the kinematic system.” 

Replication by self-inspection°® "4 can allow the descrip- 
tion of the machine which is to be replicated (i.e., the “phenome”) 
to be dynamically constructed concomitantly with its interpreta- 
tion. Laing™*! notes that the capacity of a system generally to ex- 
plore its own structure and to produce a complete description of 
itself for its own perusal and use (e.g., to generate and evaluate be- 
havioral options open to it) seems to be an advantageous capacity 
not exhibited anywhere in naturally occurring systems. Of course, 
self-inspection becomes increasingly difficult as replicating systems 
grow in complexity,”>*” and also when the system being inspected 
cannot enter a state of stasis.°”” As Friedman’? points out, 
“self-inspection might be practical for cellular automata — where 
the machine is entirely within the information domain — or with 
von Neumann's ‘sea of parts’ — where all the subassemblies can be 
identified merely by reading a part number or a serial number. [But] 
with the ‘moles of parts’ that are claimed for MNT [molecular 
nanotechnology], I can’t conceive how the self-inspecting sensors 
can gain access to the internal structure — which is most of the 
machine to be self-replicated.” 

Peter Silcox>”4 also warns that self-replication by self-inspection 
is potentially evolutionary, since self-inspection provides a ready 
means by which phenotypic variation can become incorporated into 
future generations of the replicator. If one such random variation 
happened to disable a subsystem whose primary function was to 
prevent evolution, the subsequent line of replicators could become 
unconstrained in their replicative behaviors, violating our desire for 
inherently safe replication. This implies that replication controls on 
self-inspecting replicators should be distributed in multiple sites 
throughout the machine, such that the loss of function or outright 
omission of these controls during construction of daughter machines 
will result in nonfunctional daughter machines. 

Interestingly, Chirikjian!??” has proposed a partial “replication 
without description” approach as a way to save mass, and hence 
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Figure 2.9. Laing’s self-reproduction by self-inspection. (courtesy of 
Laing’ 61) 
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transportation costs, in the context of a lunar self-replicating fac- 
tory whose initial “seed” must be sent from Earth. A crucial sub- 
system in Chirikjian’s hypothetical factory (Sections 3.24 and 3.25.2) 
is an electromagnetic railgun to widely disperse replicated daughter 
units across the lunar surface. However, the components for even a 
single railgun in an initial seed factory would be unduly massive 
(hundreds of thousands of tons), hence prohibitively expensive to 
transport from Earth. The solution is to include only a few repre- 
sentative components of the railgun system with the initial seed 
that is landed on the Moon. The initial seed factory then makes 
negative castings of these components in situ, producing templates 
which can be used to cast thousands of copies of the heavy compo- 
nents in metal, on the Moon. 

Suthakorn and Chirikjian?*4! have also demonstrated a 
non-von-Neumann architecture for the replication of a 
LEGO®-based transistor circuit by active self-inspection. “There 
are no instructions stored about how to construct the circuit, but 
information observed about the spatial organization of the origi- 
nal circuit is fed into the circuit itself to provide assembly com- 
mands. The circuit then drives a larger electromechanical (robotic) 
system in which it is embedded to cause the production of a rep- 
lica of the original circuit. In the current context, the electrome- 
chanical hardware is viewed as a tool which is manipulated by the 
control circuit for its own reproduction (much in the same way 
that deer living in a forest can reproduce without an associated 
reproduction of the forest itself).” 


2.3.6 Nonautonomous Machine Replication 

Machines can also replicate their physical structure without 
containing their own description if the instructions are fed to 
them, one by one, from some outside source without the ma- 
chine having any onboard capacity for computation or even data 
storage. One simple example of this strategy is the broadcast ar- 
chitecture.”°%!” In this approach (see also Section 4.11.3.3), in- 
formation is broadcast by any of various means to the replicating 
component. The physical replicator becomes, in essence, a 
remote-controlled or “teleoperated” manipulator receiving ex- 
ternal instructions that guide it, step by step, in assembling a 
second remote-controlled manipulator. After some number of 
repeat cycles, the result is a large number of identical 
remote-controlled manipulators which can then be employed to 
manufacture large numbers of useful product objects by altering 
the stream of instructions sent to the population of replicated 
manipulator devices. 

This architecture was partially anticipated by Laing,”°® who dis- 
cussed the implementation of a free-floating automaton system with 
activation signals transmitted diffusively through fluid in a biologi- 
cal context, and by Holland,*”* who offered a carefully worked out 
formalism for such “broadcast” communication automaton systems. 
Laing>® notes that as a general design principle, “we can dispense 
with some of the structural complexity of our artificial organisms 
provided we compensate by increasing the number or the functional 
complexity of the signal types....,By augmentation of signal com- 
plexity, we [can] overcome degradation of physical structure and 
obtain the desired result.” Thus Laing disposed of the requirement 
for logical universality to achieve self-replication, much as Langton 
had earlier disposed of the requirement for constructional univer- 
sality (Section 2.2.1). 

Other examples of nonautonomous kinematic machine replica- 
tion are the “exponential assembly” scheme proposed by Skidmore 
et al?’° (Section 4.17) and the electrophoretic system for stepwise 
exponential growth of DNA-based chemical replicators proposed 
by von Kiedrowski’s group. 19°71428:1429 
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2.3.7 Embodied Evolution: Algorithmic Replication 

A more limited form of self-replication, originally addressed 
by Husbands and Harvey””’ and others?’*”? as “evolutionary ro- 
botics,” has recently been anvest pated experimentally as “embod- 
ied evolution” by Watson et al.*”* In these experiments, an evolu- 
tionary algorithm is distributed amongst and embodied within a 
population of eight physical mobile robots that “reproduce” with 
one another and “evolve” together, in a specialized task environ- 
ment (e.g., a demonstration of phototaxis). Although the robot 
population is fixed in size and membership, operating algorithms 
are transferred among the various robot members by “broadcast- 
ing a gene,” analogous to the sharing of genetic information by 
promiscuous microorganisms. There is no “reproduction mode” 
as such because reproduction is concurrent with task behavior.?*” 
According to the researchers:°°4 “Assuming that we cannot really 
create new robots spontaneously, the offspring must be imple- 
mented using (other) robots of the same population. And, if the 
robots do not have structurally reconfigurable bodies, reproduction 


Kinematic Self-Replicating Machines 


must simply mean the exchange of control program code.” This 
approach “enables the study of the effects of integrating reproduc- 
tion with other autonomous behaviors into real robots in a man- 
ner that has previously only been possible in simulated ALife ex- 
periments,” although the authors caution that “reproduction may 
interfere with task behavior.” 

The authors” point out that the artificial life literature pro- 
vides several examples“42°°°°” of simulated systems where agent 
behavior and reproductive activity are integrated, but heretofore 
experiments using physical robots have not been able to integrate 
reproduction with other autonomous behaviors. Also noteworthy 
are the attempts by Lund et al®° to evolve (in simulation) both a 
robot control program and some parameters of the robot’s physical 
body including number of sensors, sensor positions, body size, tur- 
ret radius, and so forth. The evolution can explore only those pa- 
rameters foreseen by the designer and cannot produce “creative” 
new designs, consistent with our desire for our machines to exhibit 
“safe” replication (Section 5.11). 


CHAPTER 3 


Macroscale Kinematic Machine Replicators 


pecific proposals and realizations of von Neumann's kinematic 

replicators and related physical implementations of macroscale 

machine replicators or self-replicating factory systems are of 
the greatest interest in the context of this book. Penrose,°*? quoting 
Kemeny,”? complained that the body of the von Neumann kine- 
matic machine “would be a box containing a minimum of 32,000 
constituent parts (likely to include rolls of tape, pencils, erasers, 
vacuum tubes, dials, photoelectric cells, motors, batteries, and other 
devices) and the ‘tail’ would comprise 150,000 [bits] of informa- 
tion.” Macroscale kinematic replicators will require a great deal of 
effort to design and to build, which may explain why so few work- 
ing devices have been constructed to date,* despite popular inter- 
est.0>2653.2907 Lowever, small devices that can assemble themselves 
from a few simpler parts have proven remarkably easy to build. 
Conventional factory automation technology continues to evolve 
toward increasingly flexible manufacturing systems that are collec- 
tively capable of self-replication. A fair number of specific macroscale 
self-replicating machine systems have been proposed in some de- 
tail, and a handful have been physically constructed and even pat- 
ented.©->! In this Chapter we describe and review these pioneer- 
ing theoretical proposals and experimental efforts. 


3.1 Moore Artificial Living Plants (1956) 

Von Neumann’s deductions on the logic of replication in the 
late 1940s and early 1950s were highly abstract and known only to 
a few specialists who had heard his lectures,** until Kemeny’s 1955 
article”* in Scientific American brought these concepts to a wider 
audience. Just one year later, in 1956, mathematician and scientist 
Edward F. Moore offered the first known suggestion for a real-world 
application of kinematic self-replicating machines, representing the 
vanguard in a long line of commentators who would later expound 


upon the powerful economic potential of exponential growth among 
populations of such devices. 

“Tt is unlikely that the [kinematic] machine von Neumann de- 
scribed will ever actually be built, because it would have no useful 
purpose except as a demonstration,” noted Moore in his 1956 Sci- 
entific American article.*”’ But then he continued: 

“I would like to propose another type of self-reproducing ma- 
chine, more complicated and more expensive than Von Neumann’s 
which could be of considerable economic value. It would make 
copies of itself not from artificial parts in a stock room but from 
materials in nature. I call it an artificial living plant (Figure 3.1). 
Like a botanical plant, the machine would have the ability to ex- 
tract its own raw materials from the air, water and soil. It would 
obtain energy from sunlight — probably by a solar battery or a 
steam engine. It would use this energy to refine and purify the 


Figure 3.1. Artist’s conception of Moore’s artificial living plant, from 
Moore.°”” This artificial living plant is jet-propelled, on the model 
of the squid. When securely moored, it will begin the process of 
replication. 


* At the Second International Conference on Evolvable Systems in 1998 (ICES98), the Program Chair, Moshe Sipper, arranged for an official “Self-Replication Contest” to be 
held during the conference. The object of the contest was to “demonstrate a self-replicating machine implemented in some physical medium, e.g., mechanical, chemical, 
electronic, etc.” The rules further stated that: “The machine must be demonstrated AT THE CONFERENCE site. Paper submissions will not be considered. The most original design 
will be awarded a prize of $1000 (one thousand dollars). The judgment shall be made by a special contest committee. The committee’s decision is final and incontestable.” 
Despite the financial enticement, no entries were received. 


** A short story by science fiction writer Philip K. Dick, entitled “Autofac,” describes a nationwide system of automated factories that produce food, consumer goods, and 
“miniature replicas” of more factories, perhaps one of the first descriptions of autonomous machine self-replication to appear in this genre,°® though a few related stories 
describing replicated robots appeared in the 1920s”? and 1930s.° Dick’s story ends with the factory, when it is almost destroyed, shooting out a torrent of metal seeds 
that germinate into miniature factories — which from today’s more informed perspective we might interpret as self-replicating nanorobots.*” “Autofac” was published in 
November 1955, but it has been claimed*® that Dick completed the story no later than 11 October 1954, which would appear to predate Moore’s article and possibly Kemeny’s 
article as well, though not, of course, von Neumann's original 1948 lecture.*!” (Dick wrote about von Neumann's game theory,®°° so he’d probably read von Neumann's 
self-replication work as well.) Earlier stories by Dick in 19525 and 1953 had described self-repairing or self-replicating, evolving war machines that inherit an entire planet. 
(Vulcan’s Hammer (1960),° a later novel by Dick, continued his theme of an autonomous computer able to expand and rebuild itself.) “Epilogue,” a science fiction story 
published by Poul Anderson in 1962,° describes self-replicating factory barges using minerals extracted from ocean water as raw materials and is more clearly derived from 
Moore's speculations. Contemporary science fiction writers frequently returned to the theme of self-replicating robots in the 1950s," 1960s,°5* 1970s,79%° 1980s, 593-594 
1990s, °°.” and 2000s.7898 
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Figure 3.2. Harvesting Moore’s artificial living plants, from Moore.°”” 


Like lemmings, a school of artificial living plants swims into the maw 
of the harvesting factory. 


materials and to manufacture them into parts. Then, like Von 
Neumann's self-reproducing machine, it would assemble these parts 
to make a duplicate of itself. 

“For the first model of such a machine, a good location would 
be the seashore, where it could draw on a large variety of available 
materials. The air would provide nitrogen, oxygen and argon; the 
sea water would provide hydrogen, chlorine, sodium, magnesium, 
sulfur...; the beach would provide silicon and possibly aluminum 
and iron....From these elements the machine would make wires, 
solenoids, gears, screws, relays, pipes, tanks and other parts, and 
then assemble them into a machine like itself, which in turn could 
make more copies.... The next step would be to tackle the harder 
problems of designing artificial living plants for the ocean surface, 
for desert regions or for any other locality having much sunlight 
but not now under cultivation. It is easy to see that a plant of this 
kind could have considerable economic value. It could be harvested 
for a material it extracted or synthesized, just as cotton, mahogany 
and sugar cane are now harvested from plants in nature. Thus an 
artificial plant which used magnesium as its chief structural mate- 
rial could be harvested for its magnesium. 

“Tf the object is to manufacture a specific product, would it not be 
much simpler to design an automatic factory to make it, rather than 
to go to all the trouble of creating an artificial living plant? It would 
indeed be simpler, but obviously the returns would not be as great. 
Where a factory turns out products at a constant rate, the production 
of the artificial living plant would grow exponentially. If its net repro- 
duction time were one year, after 30 years there would be more than 
a billion of these plants! Needless to say, they could not be allowed to 
reproduce indefinitely, for they would soon fill up the oceans and the 
continents....It might be worth while to build into these plants a 
tendency to migrate, like lemmings, to preassigned locations where 
they could be harvested conveniently (Figure 3.2).” 
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Commenting on Moore’s plan years later, in 1972, Freeman 
Dyson?”* observed that: “It may well happen that on Earth, for 
aesthetic or ecological reasons, the use of self-reproducing machines 
will be strictly limited and the methods of biological engineering 
will be used instead wherever this alternative is feasible. For example, 
self-reproducing machines could proliferate in the oceans and col- 
lect minerals for man’s use, but we might prefer to have the same 
job done more quietly by corals and oysters. If economic needs were 
no longer paramount, we could afford a certain loss of efficiency for 
the sake of a harmonious environment. Self-reproducing machines 
may therefore play on Earth a subdued and self-effacing role.” 


3.2 Browning Unnatural Living State (1956, 1978) 

In 1956, the late Dr. Iben Browning (d. 1990) was selected to 
head a newly-formed independent Research Division at Bell Air- 
craft Corporation of Buffalo, New York. The first technical report°’® 
produced by the new Division, authored by Browning and pub- 
lished in December 1956, purported to present a “periodic table of 
the physical universe” — that is, a comprehensive classification 
scheme for research that encompassed studies of all material objects 
at all size scales. The table listed four different states of matter and 
the disciplines associated with them including: (1) the natural 
non-living state, (2) the natural living state, (3) the unnatural 
non-living state, and (4) the unnatural living state. Unfortunately, 
the fourth category was censored out of the report by Browning's 
superiors at Bell Aircraft and did not see print until 1978, when the 
full report (with the deleted text restored) was reprinted by Winkless 
and Browning in their book Robots On Your Doorstep.” 

According to Winkless,°”? writing about these events two de- 
cades later in 1978, the fourth category provided a discussion of 
“.robots that could reproduce. It seems not wholly implausible 
these days that machines might be constructed that could build 
other machines just like themselves. Given what we know about 
computers, we can even imagine that these machines might have 
artificially constructed and programmed reflexes and responses that 
would help them survive, avoid hazards in the real world, and seek 
the materials needed for construction of more of their kind. In 1956 
this was more than Bell Aircraft Corporation could bear. The sub- 
ject was just too far out, damaging to the reputation and practical 
effectiveness of the company. The robots were eliminated from the 
proceedings...” Dr. Browning left the company soon afterwards, 
perhaps discouraged when an assistant vice-president diverted a sig- 
nificant portion of the new Research Division budget to hire a psy- 
chic medium advisor for Bell Aircraft Corporation. 

In his original 1956 report,°’® Browning mentions only three 
prior discussions — by Karel Capek (Chapter 1), von Neumann 
(Section 2.1) and Moore (Section 3.1) — asserting that “the abili- 
ties of Man have enabled him to design devices that will repro- 
duce. It is not unreasonable to expect that machines will repro- 
duce themselves, in the light of current knowledge of automated 
machines of all sorts including computer controls. Huge memory 
banks can be made with trillions of bits of memory now. With 
optical techniques, it is clear that it is only a matter of time until 
memory systems can be made that are millions of times larger.” 
Browning then named a few of the future fields of study that might 
deal with self-replicating robots, including “robot culturing” and 
“machine (or robot) husbandry” to produce “simple self-repro- 
ducing robots”; “psycho-robotics” for the study of “hetero-func- 
tional robots” and various “robotypes”; and “socio-robotics” which 
would study communities of various robotypes using “commu- 
nity robodynamics”, or entire robotic populations using “gross 
robodynamics”. 
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3.3 Penrose Block Replicators (1957-1962) 

The first known physical implementation of simple machine 
replication was reported by the British geneticist Lionel S. Penrose 
at University College, London, and his son, the physicist Roger 
Penrose at Bedford College, London, in 1957.80 They started by 
defining some ground rules®*! for such efforts: “A structure may be 
said to be [self-replicating] if it causes the formation of two or more 
new structures similar to itself in every detail of shape and also the 
same size, after having been placed in a suitable environment. One 
of the new structures may be identical with the original one; alter- 
natively, the original structure may be destroyed in the process of 
forming two new replicas. Certain conditions are added which ex- 
clude all well-known types of physical or chemical chain reactions. 
First, the replicating structure must be built by assembling simpler 
units present in the environment. Secondly, more than one design 
can be built from the same set of units though the only replicating 
structure that can be automatically assembled will be one exactly 
copying a previously existing structure. The pre-existing structure 
is known as a seed.” 

The first®° in the Penrose family of replicators was a set of “A” 
and “B” type tilt-blocks, cut from plywood or vulcanite, and placed 
on a track where they could slide freely but not pass each other. 
When single parts are placed on the track and subjected to horizon- 
tal agitation, they do not join together. However, when an inter- 
locked, two-block “AB” or “BA” unit is placed in the box and shaken, 
a simple form of 1-dimensional replication takes place (Figure 3.3). 
Collisions between the two-block unit and other lone parts in the 


21 


Figure 3.3. A 1-D self-replicating 
machine made of parts of two 
kinds, from Penrose.°*! 


Figure 3.4. A double-hook 
“food” unit for Penrose block 
replicator, from Penrose.°*! 


_——-Strike staple (1) 
— Counting messenger (4) 
—Activating lever (3) 


— Releasing messenger (2) 


box cause new two-block units to form, each identical to the origi- 
nal, demonstrating self-replication as a simple form of mechanical 
autocatalysis. 

L. Penrose went on to devise an ingenious interlocking 
column design which allowed the replication of a multipart ma- 
chine which is free to move about in a 2-dimensional agitation en- 
vironment strewn with a random assortment of premanufactured 
constitutive columns. The replicating machine consists of two in- 
terlocking columns of five blocks each, with clever arrangements of 
springs, levers, hooks, dovetails, and ratchets on each of the parts. 
Each column includes five blocks stacked vertically: two double-hook 
blocks which act as neutral “food” for a fully automatic replicating 
structure of any required length (Figure 3.4), one activating cam 
lever block that transmits activation but does not link (Figure 3.5), 
one blocking device that prevents more than four units from com- 
ing close together (Figure 3.6), and a footing block consisting of 
interdigitating bases upon which superstructures capable of activa- 
tion, hooking and release could be mounted, permitting machines 
to operate in 2 dimensions and to orient themselves to one another 
for the purposes of self-replication (Figure 3.7). 

The complete 2-D self-replicating machine (Figure 3.8) is the 
double-column seed unit at center (a) — linked by double hooks, 
incorporating the tilted cam-lever activating principle, and protected 
by the blocking device in its base (interdigitating footing blocks not 
shown). Explains Penrose:°* “When the neutral unit at left joins 
the seed (b), it disengages one of the hooks holding the seed together 
and sets the blocking mechanism so that only one more neutral unit 
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vers for Penrose block replicator, 


from Penrose.°* 
ing device for Penrose block 


Figure 3.6. Four-unit block- 
replicator, from Penrose.°*? 
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Figure 3.7. Interdigitating bases 
for Penrose block replicator, 


from Penrose.° 
Figure 3.8. One replication cycle 
of the Penrose block replicator, 


from Penrose.°* 


WES) ter 


(> Sys 


all 


ane 


© 
\ 
\ 
. : 


fat 


NLS k 
ii 


\ 
Sisk 


—— 


= 
— 


a 


Macroscale Kinematic Machine Replicators 


can be added. When the fourth unit joins the triple group (c), it 
disengages the second hook in the original seed, causing it to come 
apart in the middle and form two replicas of itself (d).” 

An 11-minute movie was made of the replicating blocks in ac- 
tion by H.A. Cresswell in 1958.°%° Interestingly, in the finest scien- 
tific tradition, the simplest of Penrose’s machine replicator designs 
was independently “replicated” (confirmed) in 1962 by another 
well-known scientist, Edward E. Moore, who wrote:?*? “After con- 
structing an exact copy of Penrose’s basic model, I have found that 
it not only operates mechanically with reasonable satisfaction, but 
is very useful in suggesting to audiences some of the problems and 
possibilities of self-reproducing machines. If the reader attempts the 
problem of how to design the shapes of the units A and B so as to 
have the specified properties, the difficulties he will encounter in 
his attempt will cause him to more readily appreciate the ingenuity 
of Penrose’s very simple solution to this problem.” 

New generations of similar conformation-switched blocks are 
currently being pursued by Griffith (Section 3.28) and by Saitou!*“° 
in the context of the self-assembly of microscale mechanical parts 
(Section 4.1.5). Prions (Section 4.3.1) also represent a crude bio- 
logical analog of the Penrose block system. 


3.4 Jacobson Locomotive Toy Train Replicator (1958) 
In 1958, Homer Jacobson,**’ a physicist at Brooklyn College in 
New York, was considering how one might build a self-replicating 
machine using electromechanical components. He started by not- 
ing that the essentials in a kinematic self-replicating system are: (1) 
an environment in which random elements, or parts, circulate freely; 
(2) an adequate supply of prefabricated parts; (3) a usable source of 
energy for assembly of these parts; and (4) a pre-assembled seed 
replicator, composed of the available parts, capable of taking those 
parts from the environment and synthesizing them into a functional 
copy of its own assembly, using the available energy to do so. The 
first design that occurred to Jacobson was “a simple mechanical 
self-assembler, consisting of motor, plan, and sensor. Under control 
of the plan, the motor could move the sensor about a junkyard-like 
environment of parts, pick up the proper part, move it to some 
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nearby assembly area, and perform any necessary assembly opera- 
tions. The chief difficulty with designing such a model is in design- 
ing a motor which operates on parts at a distance, picks up a copy 
of itself, and drops it into an accurately positioned spot at some like 
distance. This difficulty of designing a motor to move all the parts 
could be eliminated by allowing the parts to move under their own 
power, i.e., be locomotive.” 

Working from this insight, Jacobson built a self-replicating de- 
vice using modified parts from an HO train set (photographs of the 
actual working models have been published; Figure 3.9). In 
Jacobson’s “Reproductive Sequence Device One” or RSD1, there 
are two kinds of programmed, self-propelled toy train engines, called 
heads and tails, that circulate individually in random sequence 
around a loop of track with several sidings (Figure 3.9). With the 
sidings empty, nothing happens. But if an ordered pair of engines, a 
head (A) and tail (B), comprising the replicator, is once assembled 
ona siding, then this replicator can cause more copies of itself to be 
assembled on adjacent sidings. This is simply accomplished as fol- 
lows. First, the head car in the pair waits for a free head car to come 
by and, upon detecting it, orders the tail car to open a switch that 
shunts it onto the adjacent open siding. In similar manner, the next 
free tail car to come by is shunted onto that same siding to make a 
new head-tail pair. Once this happens the first toy engine couple 
turns itself off and the second pair becomes the active replicator. 
Replication continues to propagate in linear fashion “until the envi- 
ronment runs out of parts, or there are no more sidings available, or 
a mistake is made somewhere in the operation of a cycle.” Note that 
a great deal of functionality essential for replication resides in the 
environment, including the spacer system, siding end stops, and 
motor cutoffs. 

A more sophisticated device, the RSD4, would allow both the 
duplication of a replicator according to a set of plans in the parent, 
but also would allow for the duplication of the plans during replica- 
tion, in keeping with the von Neumann kinematic motif. In the 
RSD4 (Figure 3.10), which was designed but apparently never built, 
the replicator now consists of three toy engines — a head (A), body 
(B), and tail (C). Heads and tails circulate freely as before, but there 


Figure 3.9. Physical repli- 
cation using Jacobson lo- 
comotive toy train cars 
with fixed plan, from 
Jacobson.°°” 
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Figure 3.10. Physical replication using Jacobson locomotive toy train 
cars with replicated plan, from Jacobson.°°” 


is only one body, containing the plan, in the replicator. Tail and 
body toy engines are identical, except the former contains an 
unpunched card, which, upon being punched with the plan, is con- 
verted to a body car that is released back into the environment via 
the re-entry branch of track. 


3.5 Morowitz Floating Electromechanical Replicator 
(1959) 

In 1959, Harold Morowitz°*® designed (but did not actually 
build) a very simple replicator consisting of two components (Fig- 
ure 3.11) having the density of water. The device resides in a sea of 
floating parts (perhaps in a large tub of water) agitated constantly 
by a stirrer. The first component (A) is a complex unit consisting of 
an electromagnet with a soft iron core, one sliding rod, two batter- 
ies, two microswitches, two metal plates forming an open capacitor, 
and some wire. The second component (B) is an electret that docks 
into a port on the first component; with the electret in place, the 
electromagnet is turned on. An AB replicator selects an A part and 
a B part from the environment, assembles them into an AB daugh- 
ter replicator, then releases the daughter AB unit back into the envi- 
ronment, completing the act of replication. 

A single 5-step replicative cycle (see Figure 3.12) proceeds as 
follows: 


Step 1. The parent replicator’s electromagnet is on, attracting 
the soft iron bar of an inert “A” part. 


Step 2. The joining of an “A” to the parent pushes in the sliding 
rod, closing one microswitch and activating the capacitor. 


Step 3. An electret “B” part that collides with the port is pulled 
into position by the capacitor, completing the assembly. 
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Figure 3.11. Design of the Morowitz floating electromechanical 
replicator, from Morowitz.°*8 
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Step 4. Insertion of the electret closes the second microswitch, 
activating the daughter’s electromagnet. 


Step 5. The two electromagnets repel, separating daughter from 
parent, and the replicative cycle is complete. 


3.6 Dyson Terraforming Replicators (1970, 1979) 

In his Vanuxem Lecture in 1970, delivered just four years after 
Burks’ 1966 publication of the edited works of von Neumann on 
self-reproducing automata’ (which brought von Neumann’s con- 
cepts to the attention of an even larger community of scientists and 
engineers), physicist Freeman Dyson suggested three large-scale 
applications of kinematic machine replicators as “thought experi- 
ments” for the 21st century:!°*4 

Enceladus replicator (1970). “We have the planet Mars, a large 
piece of real estate, completely lacking in economic value because it 
lacks two essential things, water and warmth. Circling around the 
planet Saturn is a satellite called Enceladus. Enceladus has a mass 
equal to five percent of the earth’s oceans, and a density rather smaller 
than the density of ice. It is allowable for the purposes of a thought 
experiment to assume that it is composed of dirty ice and snow, 
with dirt of a suitable chemical composition to serve as construc- 
tion material for self-reproducing automata. 

“The thought experiment begins with an inconspicuous rocket, 
carrying a small but highly sophisticated payload, launched from 
the Earth and quietly proceeding on its way to Enceladus. The pay- 
load contains an automaton capable of reproducing itself out of the 
materials available on Enceladus, using as energy source the feeble 
light of the far-distant sun. The automaton is programmed to pro- 
duce progeny that are miniature solar sailboats, each carrying a wide, 
thin sail with which it can navigate in space, using the pressure of 
sunlight. The sailboats are launched into space from the surface of 
Enceladus by a simple machine resembling a catapult. Gravity on 
Enceladus is weak enough so that only a gentle push is needed for 
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Figure 3.12. Replication cycle of the floating electromechanical 
replicator, from Morowitz.°®® 
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the launching. Each sailboat carries into space a small block of ice 
from Enceladus. The sole purpose of the sailboats is to deliver their 
cargo of ice safely to Mars. They have a long way to go. First they 
must use their sails and the weak pressure of sunlight to fight their 
way uphill against the gravity of Saturn. Once they are free of Sat- 
urn, the rest of their way is downhill, sliding down the slope of the 
Sun’s gravity to their rendezvous with Mars. 

“A few years later, the night-time sky of Mars begins to glow 
bright with an incessant sparkle of small meteors. The infall contin- 
ues day and night, only more visibly at night. Day and night the sky 
is warm. Soft warm breezes blow over the land, and slowly warmth 
penetrates into the frozen ground. A few years later, it rains on Mars 
for the first time in a billion years. It does not take long for the 
oceans to begin to grow. There is enough ice on Enceladus to keep 
the Martian climate warm for ten thousand years and to make the 
Martian deserts bloom.” 

Desert replicator (1970). “One of the byproducts of the 
Enceladus project is a small self-reproducing automaton well-adapted 
to function in terrestrial deserts. It builds itself mainly out of silicon 
and aluminum which it can extract from ordinary rocks wherever it 
happens to be. It can extract from the driest desert air sufficient 
moisture for its internal needs. Its source of energy is sunlight. Its 
output is electricity, which it produces at moderate efficiency, to- 
gether with the transmission lines to deliver the electricity wherever 
you happen to need it.... The progeny of one machine can easily 
produce a hundred times the present total power output of the 
United States, but nobody can claim that it enhances the beauty of 
the desert landscape....The rock eating automaton generates no 
waste heat at all. It merely uses the energy that would otherwise 
heat the desert air and converts some of it into useful form. It also 
creates no smog and no radioactivity. Legislation is finally passed 
authorizing the automaton to multiply, with the proviso that each 
machine shall retain a memory of the original landscape at its site, 
and if for any reason the site is abandoned the machine is pro- 
grammed to restore it to its original appearance. 

“If solar energy is so abundant and so free from problems of 
pollution, why are we not already using it on a large scale? The 
answer is simply that capital costs are too high. The self-reproduc- 
ing automaton seems to be able to side-step the problem of capital. 
Once you have the prototype machine, the land, and the sunshine, 
the rest comes free. The rock-eater, if it can be made to work at all, 
overcomes the economic obstacles which hitherto blocked the 
large-scale use of solar energy.” 

Industrial development kit (1970). “After its success with the 
rock-eating automaton in the United States, [the company] places 
on the market an industrial development kit, designed for the needs 
of developing countries. For a small down payment, a country can 
buy an egg machine which will mature within a few years into a 
complete system of basic industries together with the associated trans- 
portation and communication networks. The thing is custom made 
to suit the specifications of the purchaser. The vendor’s guarantee is 
conditional only on the purchaser’s excluding human population 
from the construction area during the period of growth of the sys- 
tem. After the system is complete, the purchaser is free to interfere 
with its operation or to modify it as he sees fit.” (Compare the 
“mini-plants” described in Section 3.7.) 

“Another venture...is the urban renewal kit. When a city finds 
itself in bad shape aesthetically or economically, it needs only to 
assemble a group of architects and town planners to work out a 
design for its rebuilding. The urban renewal kit will then be pro- 
grammed to do the job for a fixed fee.” 

Replicating water plants (1979). In 1979, Dyson! added a 
fourth application of kinematic replicators — a modified version of 
Moore’s artificial living plants (Section 3.1) wherein each seagoing 
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device “carries a large tank which it gradually fills with fresh water 
separated by solar energy from the sea...it is also prepared to use 
rain water as a bonus when available. Any boat with a full cargo of 
fresh water is programmed to proceed to the nearest pumping sta- 
tion, where it is quickly pumped dry and sent on its way.” 

Freitas (1983),!°”? Morgan (1994),°? Nussinov et al. (1994), 
Coppinger (1996),°! and Gillett (1996)°* have subsequently dis- 
cussed using machine self-replicating systems for terraforming other 
planets, and related concepts have appeared frequently in the sci- 
ence fiction literature." 


3.7 Self-Replicating Automated Industrial Factory 
(1973-present) 


For nearly two centuries fiction has portrayed the increasingly 
automated mechanisms of evolving industrialism. For example, in 
1897 Lathrop®” imagined that in the 22nd century vast automated 
factories would be run by a single person at a keyboard. The follow- 
ing comments, attributed™® to Konrad Zuse (1910-1995), builder 
of the world’s first programmable digital computer in 1941 (Sec- 
tion 6.3.4), which were apparently communicated to the writer 
sometime in the early- or mid-1980s following the 1980 NASA 
lunar factory study (Section 3.13), express a similar anticipation: 


Another idea of mine was “The Self-Reproducing System.” I approached 
this concept differently to John von Neumann, who dealt with it using 
pure mathematics in the context of cellular computers. As an engineer I 
was more interested in setting up the conditions necessary for actual 
construction. In essence, the idea envisages a tool factory which ts ca- 
pable of reproducing its own essential component parts. This idea has 
met with complete opposition. People have been reluctant to consider 
such a radical solution for all sorts of reasons. Today traditional means 
of production are being automated step by step. We have yet to build the 
factory of the future. But one day these far-sighted developments will 
become reality, leading to a complete revolution in the production pro- 
cess throughout the economy. 


Over the last several decades there has been much progress in 
developing highly automated manufacturing systems wherein direct 
human interaction with the workflow is minimized, and in develop- 
ing flexible manufacturing systems whose production line can be rap- 
idly reconfigured for alternative products. The end result of this tech- 
nical evolution could be an industrial factory capable of fabricating 
and assembling all of the parts of which it is comprised, resulting in 
a self-replicating factory system — even if none of the individual 
machines within that factory could directly replicate themselves. 

In the early 1970s, Merchant®” suggested that a fully automatic 
factory capable of producing and assembling machined parts could 
consist of modular manufacturing subsystems, each controlled by a 
hierarchy of computers interfaced with a larger central computer. 
The modular subsystems would perform seven specific manufac- 
turing functions: 

Product design by an advanced “expert system” software pack- 
age or by humans remotely or interactively, using a computer de- 
sign system that stores data on models, computes optimal designs 
for different options, displays results for approval, and allows effi- 
cient process iteration. 

Production planning, an optimized plan for the manufactur- 
ing processes generated by a computer on the basis of product-design 
outputs, scheduling, and line-balance algorithms, and varying con- 
ditions of ore-feedstock deliveries, available robot resources, prod- 
uct mix and priorities. Planning includes routing, timing, work sta- 
tions, and operating steps and conditions. 

Parts forming at work stations, each controlled by a small com- 
puter able to load and unload workpieces, make parts and employ 
adaptive control (in-process operation sensing and corrective feed- 
back), and incorporate diagnostic devices such as tool-wear and tool 
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breakage sensors. (By 2004, machine parts could be designed, priced, 
ordered, machined and shipped online’™”). 

Materials handling by different computer-controlled devices 
such as lifts, warehouse stacking cranes, carts, conveyors, and in- 
dustrial robots with or without sensors that handle (store, retrieve, 
find, acquire, transport, load, unload) parts, tools, fixtures and other 
materials throughout the factory. 

Assembly of parts and subassemblies at computer-controlled 
work stations, each of which may include a table, jigs, industrial 
robots with or without sensors, and other devices. 

Inspection of parts, subassemblies and assemblies by 
computer-controlled sensor systems during and at the end of the 
manufacturing process. 

Organization of production information, a large overseeing 
computer system that stores, processes, and interprets all manufac- 
turing data including orders; inventories of materials, tools, parts, 
and products; manufacturing planning and monitoring; plant main- 
tenance; and other factory activities.’ 

Historically, the Japanese have been the most aggressive in pur- 
suing the “total automation” concept. During 1973-1976 their Min- 
istry of International Trade and Industry (MITI) supported a 
study”°! entitled “Methodology for Unmanned Manufacturing” 
(MUM), which forecast some rather ambitious goals, including ex- 
plicitly the capability “of expansion, self-diagnosis and self-repro- 
duction.” The MUM factory was to be operated by a 10-man crew, 
24 hours per day, replacing a conventional factory of about 750 
workers. The facility would be capable of turning out about 2000 
different parts. The study led to a seven-year national R&D pro- 
gram at a funding level of 12 billion yen (about $57 million) to 
develop, establish, and promote technologies necessary for the de- 
sign and operation of a “flexible manufacturing system complex” .”°* 
One of the most significant characteristics of such massive automa- 
tion is the possible regenerative or “bootstrapping” effect. Using 
robots to make robots should decrease costs dramatically, thus ex- 
panding the economically viable uses of robots. This, in turn, in- 
creases demand, leading to yet further automation, which leads to 
lower-cost robots, and so on. The end result is “superautomation”.’% 
A similar effect has already been seen in the computer industry 
wherein significant decreases in the price/performance ratio have 
continued unabated over four decades. 

At a Tokyo conference on robotics in September 1980, Fujitsu 
Fanuc Ltd., a leading international manufacturer of N/C (numeri- 
cal control) machining equipment, announced its plans’°*” to 
open an historic robot-making factory near Lake Yamanaka in 
Yamanashi Prefecture in November. In this $38 million plant (which 
went into operation in January 198179797) industrial robots con- 
trolled by minicomputers manufactured other industrial robots vir- 
tually without human intervention. (The factory operated one or 
two shifts out of three without human attendance).’°* The plant, 
which was the first “unmanned” factory in the machinery industry, 
was originally expected to produce robots and other electronic equip- 
ment worth about $70 million in the first year of operation with 
only 100 supervisory personnel, expanding in five years (using some 
of its own manufactured robots) to a $300 million annual output 
with a workforce of only 200 people — less than a tenth of the 
number required in ordinary machine factories of equivalent out- 
put. A spokesman at the time said that Fanuc’s fully automated 


Kinematic Self-Replicating Machines 


Figure 3.13. “Unmanned” robot factory’ 


reborn in April 1998: (A) new robot factory, (B) robot assembly line 
running test, and (C) the Fanuc Robot R-2000iA assembly robot.’!° 


of Fujitsu Fanuc Ltd., 


(courtesy of Fujitsu Fanuc’!”7!°) 


system was suitable not only for mass production of a single prod- 
uct line, but also for limited production of divergent products.* 
Unfortunately, notes Toth-Fejel,”!! this first attempt at an “un- 
manned” robot factory by Fanuc was economically unsuccessful and 
was eventually shut down, but later was reborn’!? in April 1998. In 
the new plant (Figure 3.13), a single Fanuc two-armed robot as- 
sembles smaller robots using a three-dimensional vision sensor and 
six force sensors that correct random positional errors. A different 
part of the factory (Figure 3.14) uses a distributive warehouse sys- 
tem for automatically assembling the larger robots.’!? Hence the 
robots in this factory are, effectively, self-replicating robots — the 
robots** can assemble selfsame robots, given parts. Other robotic 


* At Nissan’s carmaking plant in Japan in 1980,’” “96% of the body assembly work done at our Zama plant is performed by automated machines: highly sophisticated, precision 
equipment that is controlled by computer and makes no mistakes.” By 1980, the methods envisioned for MUM were being pursued vigorously by three Japanese government 
research institutes and twenty private companies, and were being managed by the Agency of Industrial Science and Technology of MITI.”° 


** According to the Fanuc “Robot Products” webpage:’° “The FANUC Robot R-2000iA is a multi-purpose, intelligent robot integrating mechanical, electronic and artificial 
intelligence technologies. The Intelligent robots rely on vision sensors to locate and grasp parts of all sizes. Relying on force sensors, they can detect requisite force and perform 
assembly work. In these ways, work traditionally dependent on human senses and expertise is robotized, and system costs are reduced by eliminating peripheral equipment.” 
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Figure 3.14. Fanuc Factory Group: Robot Factory. A two-armed intelligent robot equipped with vision and force sensors assembles 
mini-robots in place of human workers. Each assembled robot goes through a 100-hour running test and rigorous inspection before 
shipment; the factory has a capacity to produce 1,500 robots a month. (A) running test; (B) automatic assembly system with the two-armed 
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intelligent robot.’"’ (courtesy of Fujitsu Fanuc 
manufacturers, such as Yasukawa Electric, also use robots to make 
robot parts,’!4 while Yamazaki Mazak has several FMSs (Flexible 
Manufacturing Systems) that machine the components for the CNCs 
(Computerized Numerical Controlled machines) that make up their 
FMSs.”!? Another area of automated assembly technology that ap- 
plies to self-replication is high-flexibility assembly line technology, 
especially the type that can cope with the mixed-flow production of 
multiple output parts. 

For more than two decades since the first Fanuc plant began 
making its own robots, futurists have been predicting the emer- 
gence of fully automated, “unmanned,” or “lights-out factories,” 
and these are slowly becoming more common,’'® particularly in 
continuous flow processes and other specialized areas. For example: 


¢ IBM has a keyboard assembly factory in Texas that is totally 
lights-out.”!9 A few engineers and technicians are on-site to sup- 
port the machines, but human hands never touch the products 
during the manufacturing process. People drive trucks to the 
factory doors to deliver raw materials and to pick up finished 
products. The factory operates 24/7 with down time used for 
scheduled maintenance or repair. Since factory computers them- 
selves have keyboards, the system arguably may be said to be 
partially self-replicating. 


¢ At the Unifi Inc. textile manufacturing plant in Yadkinville, 
North Carolina, “everything is run by computers and there’s 
nobody on the production floor”.’”7° 


¢ When NeXT computers were still being produced in the early 
1990s, the factory that assembled the computers used robotic 
assemblers which were themselves controlled by computers of a 
similar type.’?! This led to the observation that microcomput- 
ers were controlling robots that were making more microcom- 
puters,’?* implying that the microcomputers were at least par- 
tially self-replicating. 


¢ Fanuc Robotics claims a throughput of 320 robot-related parts 

per hour with a fully automated (unmanned) robot/lathe sys- 

tem.’?3 They are developing”*4 “a humanoid robot...capable of 
using its both arms to assemble and disassemble model robots.” 
In June 2002 Fanuc announced” a new “robot cell” enabling 
72-hour unmanned machining operations. In March 2003, they 
launched a new robot system’° “capable of 24 hours continu- 
ous machining per day for 7 days.” Interestingly, upon comple- 
tion of new robotic factories in Japan, a priest usually conducts 
“a Shinto ritual to purify the newly added factory.”727 


¢ Haas Automation, Inc., of Oxnard, California, is the largest 
unit-volume producer of CNC machine tools in the United States, 
producing over 600 CNC machines for the first time in October 
2000.78 Their machine shop runs two shifts — the second is 
essentially “lights out” because of extensive automation — while 
machine assembly only runs one shift. Shipping generally takes 
place in the evening to avoid conflicts with assembly operations.’”? 


¢ A private machine tool company in Leicester, U.K., performs 
production machining operations on a two-shift, 20/7 partial 
“lights-out” basis (it runs unattended during the night) — the 
operator sets up the machines at 6 PM and checks them at 9 
PM, then both machines run unattended through the night 
until 7 AM.73° 


¢ In Clermont-Ferrand, France, international headquarters of 
Michelin (the world’s largest tire manufacturer), a “new and 
secretive plant” went online in early 1994, producing tires with 
an integrated system of automation so advanced that rival com- 
panies “rushed to check out the patents.” Michelin would not 
reveal the factory’s capacity, but it employed only fifty workers, 
the factory design being described as approaching the futuristic 
vision of a “lights out” factory.73! 


¢ For two decades semiconductor manufacturers have dreamed 
about lights-out chip fabrication plants. There have been some 
respectable attempts to achieve this goal in the past, but the 
high cost of systems integration prevented their widespread adop- 
tion. Today, the required increase in equipment usage and the 
required reduction in process variation and contamination is 
driving “fab” automation levels closer to 100%.” 


Although a number of totally automated production lines have 
been attempted, “appropriate automation” was still a more 
cost-effective solution than “total automation” in 2004. Some claim 
that no matter how automated a factory becomes, humans will still 
be required to perform those functions not easily automated, in- 
cluding supervision, decision-making, maintenance and trouble- 
shooting, as well as complex assembly operations.”**"”>4 However, 
assembly of simple precision products such as electronics (e.g., cir- 
cuit card assemblies) and many high-volume assembly tasks for 
well-understood processes (e.g., the use of pick-and-place robots 
for electronic component insertion, robotic riveting, or automated 
sealing) normally permit a high degree of automation and achieve 
high quality. There are also many successful high-speed continuous 
assembly lines making such products as diapers, camera film, or 
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fabric softener sheets wherein the product may be generated at hun- 
dreds of meters per minute. But electromechanical assembly (e.g., 
wiring harness routing, optics/frame mounting, and sensor inte- 
gration) remains largely manual. The barriers to increasing the 
speed of assembly are bottlenecks or transformation points, where 
the assembly line must slow down or even stop suddenly if there is 
a problem.’*4 

Additionally, while some assembly lines may be highly automated, 
the creation of these automated processes is not automatic. Most 
robotic assembly processes are product- and process-specific and 
must be custom-developed and debugged.”** There are as yet few 
“design for assembly” (DFA) tools that use robust, structured as- 
sembly process models to provide the best assembly knowledge to 
the design and manufacturing team. Part of the problem is that 
current CAD assembly modelers have only a limited perception of 
spatial relationships, which enables the creation of process plans 
that incorporate tasks which are physically impossible to perform 
or that require the creation of custom tools. Today’s “general-pur- 
pose” assembly systems are limited to performing the same process 
for similar products, with modification of programming and spe- 
cific tooling. As industrial engineers gain better scientific under- 
standing of component materials, product designs, and manufac- 
turing processes and equipment, it is believed that automated as- 
sembly will become easier and less expensive.’*4 These engineers 
are also beginning to explicitly analyze the impact of self-replicat- 
ing robots on the mix of automated and manual operations in the 
context of industrial automation systems,’**”*° communication and 
control for self-replicating robots,’*’ and also on emerging concepts 
of “industrial ecology”.”**”” 

A comprehensive survey of the last three decades of advances in 
manufacturing technology’ and factory automation is beyond the 
scope of this book, but a great deal of progress has been made in 
automated parts fabrication via CAD/CAM/CAE, “77” intelligent 
manufacturing systems,”>*”*° flexible assembly systems,”°”-7>? flex- 
ible manufacturing systems, 60-768 automated work cells and com- 
puter-integrated manufacturing (CIM),’°-77? automated planning 
including agoric systems’®°’* and other means (Section 5.7), and 
“self-formation” in manufacturing.’**7** The historical development 
of control structures in automated manufacturing is reviewed by 
Dilts et al.’®” 

Finally, we might also consider to be self-replicating a factory 
system which contains all of the tools and component machines 
necessary for its own manufacture, but which requires human op- 
erators (hence lacks only process control closure). One example 
which approaches this class of self-replicating system is the produc- 
tion mini-plants (Figure 3.15(A)) in mobile containers marketed 
by Science Network (SciNet).’”° These 40-foot containers are 2.5 
m x 2.5 mx 12 m in size (30 m* floor space) and are designed to be 
supplied to developing countries that need to install a quick turn- 
key-type manufacturing capacity for bakeries, tire retreading, or 
mobile medical units. All production machinery is fixed on the 
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Figure 3.15. Production mini- 
plants and assembly plant for 
production mini-plants. (A) 
SciNet Mini-Plants. (B) SciNet 
Assembly Plant for Mini-Plants. 
(courtesy of SciNet’?') 


platform of each mini-plant system container, with all wiring, pip- 
ing, and installation parts included. SciNet also has designed a ship- 
pable prototype assembly plant”?! with 3060 m? of (mostly open) 
floor space (Figure 3.15(B)) that can also be supplied to the host 
country at a cost of $3.2M and then can be used to manufacture 
more than 700 different kinds of mini-plants,’?* including 
mini-plants for making cutting and machine tools, concrete pipe, 
industrial and water valves, steel nails, bricks and concrete blocks, 
welding electrodes, electrolytic coatings, concrete mixing, grey iron 
smelting, reinforcement bar bending for construction framework, 
metal sheeting for roofing and ceilings, manual electrical tools, for- 
ceps, plated drums, pressure-forged molded pieces, forged ball bear- 
ings, polypropylene, silicon carbide abrasives, plastic boxes, hoists, 
electrical generators, storage batteries, and electrically welded con- 
struction mesh. The assembly plant has a stated production capac- 
ity of 1872 mini-plants per year.’”” The literature is silent as to 
whether the assembly plant can manufacture a sufficient number of 
different mini-plant types so as to enable the manufacture of a sec- 
ond assembly plant — and hence, to replicate — but, judging from 
the diversity of mini-plants enumerated above, it does not seem 
implausible to presume that this could be so. 

Hans P. Moravec, a principal research scientist at the Robotics 
Institute at Carnegie Mellon University, was reported’? as claim- 
ing that “by 2040, robots should be skilled enough to design and 
build automated factories that manufacture improved versions of 
themselves. Business competition will ensure that robots take over 
human jobs until 100% of industry is automated, from top to bot- 
tom.” In his recent book, Moravec’ offers more details of the path 
leading to self-sufficient and self-replicating robots. 

In 1995, Raj Reddy, head of the Carnegie Mellon University 
(CMU) Robotics Institute and co-chair of the President’s Informa- 
tion Technology Advisory Committee (PITAC) from 1999-2001, 
listed “95% self-replicating systems” as one of the “longstanding 
challenges in the AI area that will be within technological reach in 
the next twenty years.”” Reddy lectured on self-replicating systems 
in 1983 after hearing about the 1980 NASA study (Section 3.13), 
remains interested in “self-reproducing factories and their necessary 
conditions”,’”” and is associated with the “Automated Machine Shop 
project” at CMU.’ 


3.8 Macroscale Kinematic Cellular Automata 
(1975-present) 

Rigorous research on kinematic replicators is difficult to ex- 
ecute, but is more useful if one is trying to create a physical work- 
ing model of a self-replicating system. By contrast, cellular au- 
tomata (CA), in which mere patterns of bits self-replicate, are more 
computationally accessible to investigators — the theoretical un- 
derpinnings are rigorous and well-understood, the start-up costs 
are low, and the results are often quickly transferable to software 
having commercial potential such as genetic algorithms, scientific 
visualization tools, or simulations of complex systems.’'' But CA 
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have less direct relevance to physical models because a physical 
implementation would lack the ability to move in physical space, 
since CA are normally embedded in a fixed tessellation environ- 
ment. A few researchers have tried to combine these two approaches 
in an attempt to capture the best of both worlds, in effect adding 
physical mobility to self-replicating cellular automata. 

The first advocates of this approach were cellular theorists who 
started with cellular automata and “kinematicized” them. One of 
the earliest proponents was Richard Laing, who in a series of pa- 
pers>?°°! during 1975-1977 proposed a “hybrid cellular-kinematic 
automaton” which would use strings of cells (one dimensional tes- 
sellations) to compute and construct more strings — achieving 
self-replication — by means of a repertoire of simple mechanical 
actions between the strings, e.g., sliding local shifts of contact, local 
changes of state, and local detections of such state changes.**! Laing 
clearly envisioned the possibility of a macroscale implementation 
of his scheme’ when he wrote: “I can see no reason why an elec- 
tronic engineer could not easily produce the design of electronic 
componentry having the required properties to implement a sys- 
tem such as I have described.... Whether such a system could be 
realized in terms of biological components as well I do not know.” 
Interestingly, Laing’s scheme is primarily a proposal for molecular 
machines and, as such, is discussed in more detail in Section 4.8, 
below. 

In 1979, CA theorist Armin Hemmerling introduced a model 
“system of Turing automata” wherein finite automata inhabit a 
multidimensional tape on which the automata can move around 
and read and write the tape squares.’?””?8 During 1988-89, Goel 
and Thompson’? 8 introduced a related approach, known as 
“movable finite automata,” involving computational entities able 
to move around and interact with each other in a fixed lattice, and 
Lugowski®”’ described a “computational metabolism” or “liquid 
computer” in which roving processors called tiles migrate across a 
tessellation environment like a liquid, recognizing and reacting to 
their neighbors. In the mid- and late 1990s, CA theorists contin- 
ued adding new modes of “movement” to cellular automata. For 
example, the method of “movable cellular automata”®**” allows 
the modeling of materials properties by treating matter as com- 
posed of a 3-D array of neighboring “particle” cells with specific 
interaction rules; reaction-diffusion phenomena and excitable me- 
dia can be similarly modeled.8°” Adamatzky and Holland®”’ have 
computationally modeled excitable mobile agents moving on a lat- 
tice, or “lattice swarm systems.” Sipper?’**° investigated a 5-cell 
non-uniform cellular automaton self-replicating loop using cells 
of atypically high complexity, in a model that allows state changes 
of neighboring cells and rule copying into them (this latter charac- 
teristic can be considered a form of cellular movement). Lohn and 
Reggia®®>”! introduced a model consisting of movable automata 
called effector automata, embedded in a cellular space, along with 
a new method of automata input called orientation-insensitive in- 
put, and others have investigated mobile automata,??°8” 
lattice-unrestricted “graph automata”,®!° and distributed assembly 
of 2-D shapes.®!!814 

In the 1990s, a second wave of advocates appeared — robotics 
engineers whose training would normally predispose them to the 
kinematic approach for machine self-replication. Reversing the ear- 
lier approach of kinematizing the cellular automata, these engineers 
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Figure 3.16. Hall’s “utility fog” foglets.8?° (courtesy of J. Storrs Hall) 


began proposing kinematic robotry that could be “cellularized,” in 
an attempt to simplify the complexities inherent in physical 
self-replication that von Neumann had first encountered. In his 1996 
review, General Dynamics Advanced Information Systems research 
engineer Tihamer Toth-Fejel”'!8!° aptly termed all these attempts 
“kinematic cellular automata” or KCA. Such automata would con- 
sist of many identical mechatronic modules, organized into a dy- 
namically reconfigurable system and implemented in the physical 
world. 

It would take a relatively large number of identical KCA cells 
to make up a physical replicator. With conventional cellular au- 
tomata, the individual cells cannot move and can only change state, 
and patterns move across a static array. In contrast, the KCA 
mechatronic design allows individual physical cells — not just 
patterns — to move with respect to each other, permitting the 
physical swarm to change shape just like the virtual patterns in 
cellular automata. Because they are derived from the CA field, 
KCA aggregates have the advantage of being more naturally fault 
tolerant and more flexible than non-modular or unitary kinematic 
robots, and the KCA are more structured in the interactions be- 
tween individual cells. (Principal disadvantages are that the indi- 
vidual KCA cells must be fairly complex, compared to the typical 
unitary kinematic machine “part,” and that in most designs the 
KCA aggregate is not capable of manufacturing its own compo- 
nent cells from more primitive parts.) 

Proposals for KCA replicators typically envision a very large num- 
ber of basic cell units operating in parallel, that can replicate a given 
geometric or lattice arrangement of those same cell units. Confirmed 
early design proposals (many of them apparently independently 
conceived without direct knowledge of the others’ work) include 
Kokaji’s “fractal mechanism” work at AIST in 1988,°'” Hall’s 
well-known utility fog* with 100-micron “foglet” robots (Figure 
3.16) in 1993-1995,8'8?° Chirikjian’s “metamorphic” robots!8! 
in 1993-1994, the “Fractum” self-repairing machine at AIST dur- 
ing 1994-1999,8*!-8°3 Michael’s fractal robots or “programmable 
matter” (Figure 3.17) in 1994-1995,8!824 Hasslacher and 
Tilden’s “self-assembling colonies of micron-scale biomorphic 
machines” in 1994-1995,'®° Bishop’s XY active cell aggregates 


* The American inventor Thomas Alva Edison apparently anticipated at least a part of the functionality of utility fog at a dinner talk*** as long ago as 1890: “...as if out of 
a great revery, saying what a great thing it would be if a man could have all the component atoms of himself under complete control, detachable and adjustable at will. ‘For 
instance,’ he explained, ‘then I could say to one particular atom in me — call it atom No. 4320 — “Go and be part of a rose for a while.” All the atoms could be sent off to 
become parts of different minerals, plants, and other substances. Then, if by just pressing a little button they could be called back together again, they would bring back their 
experiences while they were parts of those different substances, and I should have the benefit of the knowledge.’” Following this, Landers** discussed modular building block 
based robots in 1966, Erber et al®*° studied pattern replication in arrays of magnetic blocks in 1969, Toffoli and Margolus*” in 1987 and Rasmussen et al? in 1992 wrote of 
“programmable matter” in a slightly different context, and Okuma and Todo*?*** analyzed assembly methods using cubic blocks as primitives at least as early as 1993. 
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Figure 3.17. Michael’s Fractal Robots. (courtesy of Michael®!®) 


or ACA (Figure 3.18) in 1995-1996°*8?8 (Section 4.12), 
Toth-Fejel’s KCA cells in 1995-1996,°" Freitas’ programmable sur- 
faces in 1995-1996,78*° and the replicating swarm of Globus et al’”4 
in 1997-1998 (Figure 3.19), plus one unconfirmed report that 
Thorson®”? described “assemblies of tiny machines that flexibly co- 
ordinate to form human-scale objects” in 1991.* Only one of these 
proposals, by Bishop*”® (Section 4.12), envisioned additionally the 
assembly of individual KCA cells from more primitive parts (Figure 
3.20), thus extending the capability of the KCA replicator concept 
beyond the mete replication of selfsame building-block patterns. 
However, Yim et al®*° have alleged that microscale KCA systems 
built from cubical modules (as in the schemes of Michael and Bishop) 
might have significant disadvantages, for example, in that “rolling/ 
rotational motions are preferable to sliding motions because they 
can have less friction, which becomes very important as systems 
scale down in size.” Chen®*!"8% also studied modular reconfigurable 
robotic system assembly configurations in the early 1990s. 

The experimental field of modular robotics (that could enable 
the physical realization of the aforementioned theoretical KCA 
replicators) has exploded in recent years, with many new designs 
proposed and a number of prototypes built in hardware, starting in 
the late 1980s and early 1990s. One of the earliest examples was the 
cellular robotic system (CEBOT) pursued by Fukuda’s group*4!*4? 
in Japan, starting in 1987. CEBOT is a dynamically reconfigurable 
robotic system composed of diverse robotic cells combined in dif- 
ferent configurations. Each cell-robot is autonomous and mobile, 
able to seek and physically join other appropriate cells. Fukuda has 
used CEBOT (and more recently MARS or micro autonomous ro- 
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Figure 3.18. Bishop’s XY Active Cell and Cell Aggregate.*?”"*?8 (cour- 


botic system® 


°°) to investigate multi-purpose end-effector systems, _ tesy of Forrest Bishop) 


* Toth-Fejel* speculates that the use of microscopic KCA cells could explain some of the capabilities of the sometimes human-shaped, liquidlike, evidently 
nanotechnology-based**.**? fictional T-1000 robot in the science fiction movie Terminator 2° — who, Toth-Fejel opines®"* (after discussions with Bishop®*), could have survived 
its fall into the vat of molten steel in the final scene by making fuller use of its own technology, as follows: 


1. 
2s 


3. 
. Upon contact with molten steel, temperature sensors actuate a pre-programmed panic sequence to quickly reconfigure refractory-material cells at its surface into a foamy 


Balance-sensors and accelerometers in undamaged areas of the robot sense that it is about to fall, causing a pre-programmed panic sequence to order a lowering of the 
center of balance and an extrusion of micro or macro hooks from the feet into the floor. 

The same sensors detect the weightlessness of falling, and the pre-programmed panic sequence orders the KCA cells to form into a parachute; hot air rising from the molten 
steel lifts the robot out of harm's way. 

Depending on the degree of central control required (given that the T-1000 was damaged and degrading fast), the robot could have sprouted wings and glided to safety. 


air-trapping structure, providing the same heat insulation qualities as space shuttle tiles; since molten steel is quite dense, and the machine appears not to be made 
of solid polymetal (otherwise its weight would have broken through most transportation vehicles, second-story floors, elevators, etc.), the robot could have simply walked 
across the surface of the vat, to safety. 


. Force sensors keep interconnection mechanisms between cells from damage by ordering cells to disconnect whenever the strain gets too high, thus dissipating the energy 


of bullets over time and distance (something like shooting at gelatin) rather than allowing bullet impacts and deformations as shown in the movie. 


. Miniaturized radar systems (already available today) detect the incoming explosive bullet with enough accuracy to predict its trajectory, allowing portions of the T-1000 


along that path to slide aside so the bullet passes unimpeded through the robot, eliminating the need to dissipate the kinetic energy of the bullet. 


. An onboard cell-fabricating facility allows the robot to exploit the existing industrial infrastructure to make more KCA cells, both for self-repair (by replacing damaged 


cells) and for self-replication (thus overwhelming any non-replicating opponent). 
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Figure 3.19. “Replicating swarm” of Globus et al.?”4 


self-organization, self-evaluation of robot cells, communication 
among robots, and control strategies for group behavior.° 

Mark Yim and colleagues*” designed and built multi-robot 
polypods®>!:854 at Stanford in 1993-1994 (Figure 3.21(A)), con- 
tinuing in 1998-2001 with polybots**? for DARPA at Xerox PARC 
(Figure 3.21(B)). Yim’s polybots are capable of significant physical 
reconfiguration with some teleoperation assistance from human 
operators (Figure 3.22), though of course they cannot build new 
primitive units from smaller components. In between these efforts, 
Yim’s group briefly pursued “a self-assembling robotic system 


Figure 3.20. Bishop’s proposed 
“Overtool” would assemble individual 
KCA cells from more primitive 
part.®8 (courtesy of Forrest Bishop) 
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(B) PolyBot 


Figure 3.21. Yim’s (A) PolyPod multirobot automaton®”! and (B) 
PolyBot multirobot automaton in snake mode.*” (courtesy of Mark 
Yim and Xerox PARC) 
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Figure 3.22. Yim’s PolyBot multirobot automaton reconfigures it- 
self from loop to snake to spider mode.®°? Twenty-four Generation 
II modules were used to demonstrate reconfiguration from a snake 
to a four legged spider form. Docking was aided by teleoperation, 
though latching and unlatching was automatic. (courtesy of Mark 
Yim and Xerox PARC) 


capable of approximating arbitrary three dimensional shapes utiliz- 
ing repeated rhombic dodecahedron shaped modules,” and dem- 
onstrated algorithms which, at least in simulations, transformed a 
square plate of 441 modules into a teacup shape in 1808 steps and 
625 modules into a hollow sphere in 3442 steps.°9° Hardware pro- 
totypes of these “polymorphic cytokinetic quasi-fluid crystallic ro- 
bots”®> (so-named somewhat tongue-in-cheek, according to the 
researchers) were reportedly under construction in 1997,* with each 
robot module to have 48 shape memory alloy actuators including 
24 for edge motion rotations and 24 in six groups of four to achieve 
dynamic shape modification.**° 

Yim and colleagues in the Xerox PARC modular robotics group 
have also produced 3-D “telecube” modules (Figure 3.23) %?8-865 
which are cube-shaped modules 5 cm on a side with faces that can 
telescope outward by 36-40 mm, thus doubling the length of any 
dimension while applying a thrust force of ~12 N. Each face can 
contract (Figure 3.24(A)) or expand (Figure 3.24(B)) independently, 
with a reversible magnetic latching mechanism to attach or detach 
from any other face of a neighboring module with a holding force 
of ~25 N, sufficient to resist a torque of 0.75 N-m between adja- 
cent cubes. To reconfigure a telecube lattice (Figure 3.24(C)), a 
module at one site on a virtual grid detaches from all modules ex- 
cept one. By extending (or contracting) the faces that are attached 
to it, the module moves to the neighboring site. 

Chirikjian'?8!"!?89 and Murata et al®*! have separately simulated 
and built planar hexagonal robots that roll around each other. While 
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Figure 3.23. A Telecube G2 module fully contracted. (courtesy of 
Xerox PARC®*!) 


neither addressed experimentally the decentralized self-assembly of 
arbitrary 3-D shapes, *°? Chirikjian’s vision of self-reconfigurable*” 
or “metamorphic” !?®! robots (at the Johns Hopkins University Ro- 
bot Kinematics and Motion Planning Lab*®) clearly anticipates this: 
“A metamorphic robotic system is a collection of mechatronic mod- 
ules, each of which has the ability to connect, disconnect, and climb 
over adjacent modules. A change in the macroscopic morphology 
results from the locomotion of each module over its neighbors. That 
is, a metamorphic system can dynamically self-reconfigure. Meta- 
morphic systems can therefore be viewed as a large swarm of physi- 
cally connected robotic modules which collectively act as a single 
entity.” (Freitas’ “metamorphic surfaces” concept (Nanomedicine,”*8 


Figure 3.24. Telecube configurations and lattice movement. (A) 
Telecube collapsed. (B) Telecube expanded. (C) Reconfiguration of 
a lattice of 8 telecubes via sliding motions. (courtesy of Xerox 
PARC**?) 


* According to Tad Hogg,*** this design turned out to be too complicated (needing actuators for 12 faces) and was not continued to any functional hardware, although a few 
passive devices with magnets were built that a person could manually reconfigure to illustrate how such robots would work if they were ever built. Hristo Bojinov was instrumental 
in simulations involving local controls, as opposed to a high level controller that told each module where to go. The simulation results with these robots, e.g., making branching 
structures, growing around objects, etc., are described in Bojinov et al,**’ and nicely illustrate the contrast between broadcast control and local control. 
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Figure 3.25. CONRO multirobot system (20 modules making two 
hexapods) (photo courtesy of USC Information Sciences Institute).5% 


Chapter 5) in the medical nanorobotics field is similar.) Michael®©? 
has constructed several simple operating prototypes of his cubical 
“fractal robots” design, using blocks 12 inches and 5 inches in size. 
The “Fractum” machine developed at AIST®? is claimed to be the 
first modular mechanical system to demonstrate self-repairing ca- 
pability using more than ten modules. Other modular mechatronic 
robotic systems include: 


* CONRO (Figure 3.25) at USC/ISI;8 


¢ the Crystal Robot,87!-874 Molecule Robot,87>877 and the “desk- 
top mobile manipulators”8”” at the Dartmouth Robotics Lab;°78 


¢ 3-D modular units for self-assembly of desired shapes (Figure 
3.26) at the Mechanical Engineering Laboratory in Japan,®?78/° 
a kind of macroscale utility fog (cf. Figure 3.16); 


¢ the LEGO®-based autonomous robot teams (MinDART) at 
the University of Minnesota;°”? 


¢ the tetrobot modular reconfigurable robot at Rensselaer Poly- 
technic Institute;®8°884 


Figure 3.26. Distributed self- 
reconfiguration of 3-D homo- 
geneous modular structure 
(courtesy of Intelligent Systems 
Institute, National Institute of 
Advanced Science and Tech- 
nology (AIST)).87° 
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Figure 3.27. Modular self-reconfigurable robot M-TRAN (Modular 
TRANSformer) changes its shape from a crawler to a four-legged 
walking robot. (courtesy of Intelligent Systems Institute, National 
Institute of Advanced Science and Technology (AIST)®87-88?) 


¢ the reconfigurable modular manipulator system (RMMS) of 
the Advanced Mechatronics Laboratory at Carnegie Mellon 
University;®85 


* the DARPA Microrobot Project at Michigan State University;®*° 


¢ the modular self-reconfigurable robot M-TRAN or Modular 
TRANSformer®®7-889 (Figure 3.27) from the Intelligent Systems 
Institute, National Institute of Advanced Science and Technol- 


ogy (AIST); 

* a miniaturized modular machine system using shape memory 
alloy, also at AIST;89°-89 

* the European Swarm-bots Project;8?3 


¢ the Linux radio robot, solarbot, and ant-like robots of the Intel- 
ligent Autonomous Systems Engineering Laboratory of the Uni- 
versity of the West of England;8"4 


rotating arm 


Self-assembly of desired structure 
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¢ the HYDRA Project of the Artificial Intelligence Laboratory at 
the University of Zurich;®> 


¢ the Amoeba Robot project at the Autonomous Systems Engi- 
neering Laboratory at Hokkaido University;®"° 


¢ the Random Morphology Robot Project at the University of 
Dortmund, Germany,®?” and the self-reconfiguring robots for 
morphogenesis of Hosokawa et al;898 


¢ the PIRAIA Project at the Swedish Institute of Computer 
Science;43 


* a large number of other modular snake®??-""! and segmented?” 
robots; and 


¢ the ICES Cubes or I-Cubes system (Figure 3.28) at the CMU 
Robotics Institute, a collection of independently controlled 


mechatronic modules (links) and passive connection elements 
(cubes) ,903-905 


Closely related research areas such as distributed robotic sys- 
tems," multirobot systems,?°%?°8 and swarm robotics gener- 
ally??°!3 may also be relevant but are beyond the scope of this 
book. 

Another interesting project in 1995-1996 was the development 
of a computer-controlled LEGO® factory — itself made entirely of 
LEGO® components — that could build LEGO® cars. The LEGO® 
factory project was conducted at the CODES Lab in the Electrical 
and Computer Engineering Department at the University of Mas- 
sachusetts?!4 and began as an Electrical Engineering senior design 
project inspired by a similar project at Linkoping University, Swe- 
den. The effort was supported by an NSF grant and involved at 
least 7 students and 5 professors from the University of Massachu- 
setts, Boston University, and Harvard University. The factory (Fig- 
ure 3.29) was computer-controlled, incorporated up to 16 sensors 
and a number of motors, and assembled the LEGO® cars in 7 steps. 
The factory is “an interesting demonstration of a simple, small-scale 
system capable of handling and assembling the same type of parts 
that make up the system.”?!° The students’ future plan?!* was to 
add “decision-making functionality and the ability to flexibly 
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Figure 3.28. I-Cubes: A modular self-reconfiguring robotic system. 
(courtesy of CMU Robotics Institute”?) 


manufacture multiple products,” although the explicit pursuit of 
self-replication was never stated as a goal before the project ended. 
The factory itself was not capable of self-replication.* A LEGO® 
model of a steel production factory has also been done in the “Lego 
Lab” at the University of Aarhus.?!° 

LEGO® is becoming popular for mechatronics hobbyists.?'® 
Other LEGO®-based replicator projects are currently underway 
(Sections 3.22 and 3.23) and one of these has succeeded in building 
the first LEGO®-based self-replicating machines (Section 3.23). The 


Figure 3.29. Computer-con- 
trolled LEGO® car factory 
made entirely from LEGO® 
components. (courtesy of Uni- 
versity of Massachusetts)?!“ 


* The first mention of this possibility in the literature appears to have been made by Mitchel Resnick, who concluded his 1987 discussion®”’ of LEGO®-based robotic simulated 
animals with the following comment: “Eventually (and more speculatively), LEGO®/Logo could evolve into a type of universal constructor. One can imagine a LEGO®-based 
automated factory, in which LEGO® machines construct and program new LEGO® animals — and new LEGO® factory machines. Or, perhaps, the factory machines and the animals 
should not be viewed as separate categories; perhaps the factory machines are the animals. Obviously, such projects would require complex programs and new types of building 
materials, including specialized pieces outside of the LEGO® repertoire. Such projects will probably not be feasible for many years — if ever.” Just 14 years later, this 


“not...feasible...ever” project was accomplished experimentally (Section 3.18). 
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authors are unaware of any similar efforts using other popular mini- 
mal parts-set construction toys* such as Erector®?!? or Meccano®,””° 
although in 1975 a mechanical computer that could play tic-tac-toe 
was constructed at MIT”! using Tinkertoys®.°”” 

Toth-Fejel’'! envisions a self-replicating system composed pri- 
marily of a robot arm made up of KCA cells. A well-defined grid of 
KCA components would surround the replicator, with each cell 
containing sensors, actuators, and a central processor, all of which 
could be simulated at a kinematic level. The next step would be to 
build a working prototype, using stereolithography or similar rapid 
prototyping techniques.”’”*? To achieve further cost reductions, 
off-the-shelf parts would be used whenever possible to build physi- 
cal prototypes. Toth-Fejel recommends starting a KCA development 
effort with simulations involving a very rich environment of parts. 
In other words, the entropy of the surroundings, the number of 
parts that make up the replicator, and the number and complexity 
of the assembly steps should all be minimized, while the complexity 
of the parts themselves should be maximized. After success is achieved 
using the initial replicator in a rich environment, the number of 
parts and assembly steps should be doubled in the replicator, while 
the complexity of each part in the environment should be halved, 
and self-replication again attempted. This iterative process should 
then be continued (in the manner of Moore’s Law in semiconduc- 
tor chip design), until either complete success is achieved or insur- 
mountable obstacles are encountered, with the goal of working to- 
ward complete KCA autotrophy in which the replicator can assemble 
itself from the most primitive KCA cell components. Once such 
componential autotrophy is achieved, the next task would be to 
find molecular analogs for all the components, and work towards 
true molecular autotrophy while respecting public safety guidelines 
(Section 5.11). In keeping with the idea of approximating the real 
world with greater detail, the amount of disorder in the environ- 
ment should also be increased as the experiments progress. 

Much like the ideal array of individual nanorobots comprising 
the programmable dermal display proposed in 1999 by Freitas 
(Nanomedicine,?® Section 7.4.6.7), Tilden and Lowe?*® have sug- 
gested that “it is potentially feasible to manufacture nanorobots that 
are capable of sophisticated symmetric behaviors, either through 
independent function or by assembling themselves into collective 
units....for example, high-resolution video screens that can repair 
themselves simply by having a microscopic robot at each screen el- 
ement. These ‘pixelbots’ would be capable of producing light, but 
smart enough to remove themselves from the video array should 
they ever fail. Other pixelbots would sense the vacancy left by any 
defective device and reorganize themselves to fill the hole.” Such 
arrays could replicate patterns in the manner of cellular automata. 

Hasslacher, Tilden, J. Moses and M. Moses!8*? 7-940 have inves- 
tigated “autonomous self-assembling robotic mechanisms” in the 
context of groups of robots of various different species that vie for 
control of energy resources in order to “survive.” In 1994, Hasslacher 
and Tilden!® (Section 5.1.3) operated a Robot Jurassic Park (Fig- 
ure 3.30) “where over 40 robots of 12 different solar powered spe- 
cies have been running continuously for over 6 months.... There has 
been evidence of flocking, fighting, cooperative group battles against 


Figure 3.30. A moment in the life of the Robot Jurassic Park. (cour- 


tesy of Hasslacher and Tilden’®?) 


particularly aggressive forms, even pecking-order dominance, but little 
in the way of true cooperation that would indicate hive structure 
stability for such devices....Further work would have to be done in 
sensor technology so that like creatures would be able to recognize 
others of their own hive.” During 1995-6, Tilden (with Moses)?>”-9?? 
operated their own version of the robotic Jurassic Park in which “new 
control systems have been devised to allow these devices to 
power-mine their environment exploiting the available light-energy 
sources without having to resort to internal batteries. Future work 
will examine and promote the development of these mobile machine 
components so that they may act as coordinating organs in sophisti- 
cated robots for application-specific tasks, creating a form of ‘living 
LEGO® with inherent self-repair and self-optimization characteris- 
tics.” More recent work has found some evidence of primitive terri- 
tory formation in populations of mobile robots.“ 


3.9 Space Manufacturing Systems with Bootstrapping 
(1977-present) 


One of the earliest advocates of self-replicating manufacturing 
systems in space was Freeman Dyson, who, in lectures in 1970 (Sec- 
tion 3.6) and 1972,”9*4 observed that space might be a more appro- 
priate venue for replicators than the verdant hills of Earth: “The 
true realm of self-reproducing machinery will be in those regions of 
the solar system that are inhospitable to man. Machines built of 
iron, aluminum, and silicon have no need of water. They can flour- 
ish and proliferate on the moon or on Mars or among the asteroids, 
carrying out gigantic industrial projects at no risk to the earth’s ecol- 
ogy. They will feed upon sunlight and rock, needing no other raw 
material for their construction. They will build in space the freely 
floating cities that Bernal imagined for human habitation. They 
will bring oceans of water from the satellites of the outer planets, 
where it is to be had in abundance, to the inner parts of the solar 
system where it is needed. Ultimately this water will make even the 
deserts of Mars bloom, and men will walk there under the open sky 
breathing air like the air of Earth.” 

Following the publication of papers and books on the colo- 
nization of space by physicist Gerard K. O’Neill (1927-1992)?4° 
and others”*”°?! in the mid-1970s, the potential utility of manu- 
facturing in space using nonterrestrial materials (materials found in 
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* There have been over 500 imitations of Erector® and Meccano® in over 40 countries*”? (with at least 10 still being made today), including*”**° American Model Builder, 
Ami-Lac (Italy), Bing’s Structator (Germany), BRAL (Italy), Buildo, Construction C10, Construct-0-Craft, Elektromehaniskais konstructors (Russia), Exacto (Argentina), Ezy-Bilt 
(Australia), FAC (Sweden), Junior, Lyons, Make Your Own Toys, Marklin Mehanotehnika (Slovenia), Metall (Germany), Mekanik (Sweden), Mek-Struct (China), Merkur (Czech., 
renamed Cross), Metallus, Mini Meta-Build (India), Modern Morecraft, Necobo, Palikit, Pioneer, Primus Engineering Outfits (England), Schefflers, Stabil (Germany), Steel 
Engineering (U.S.), Steel Tec (China), Stokys (Switzerland), Structo (U.S.), Structomode, TECC (Czech.), Teknik, Takno (Norway & Denmark), TemSi (Netherlands), Thale 
Stahlbau Technik (E. Germany), The Constructioneer, The Engineer (Canada), ToyTown, TRIX (Germany), Trumodel (U.S.), Vogue (England), Wisdom/Sagesse (China), and 
ZigZag. Other less-popular construction toys*® include American Plastic Bricks, Anker, Bayko, BILOFIX, Blockmen, Brik-O-Built, Brio, Bristle Blocks, Builderific, Cuburo, 
CoinStruction, Constux, Easy Fit, Eitech, Fiddlestix, Fischer Technik, Fractiles, Frontier Log Building, GEOMAG, Hexlo, Expandagon, ImagiBRICKS™, JOVO, KAPLA, Knex, LASY, 
Liberty Logs, Lincoln Logs, Lokon, Manetico, MegaBloks, Nice-Dice, Plastikant, PlayMobile, Quadro, Rhomblocks, Richter’s Anchor Blocks, Robotix, Rokenbok, Stanlo, 


Steelbuilder, Toobers & Zots, Zolo, and Zome System. 
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space) became clearer. Since the cost per kilogram to reach low Earth 
orbit even today remains relatively high (-$10,000/kg), it makes 
sense to search for ways to ship the smallest possible package of 
manufacturing equipment into space, and then to use that minimal 
package to gradually expand its own capabilities over the years, a 
process called bootstrapping that would not require the construc- 


tion of large monolithic space colonies.” 


Early proposals advanced by O’Neill in 1977 assumed manned 
“construction shacks”“* and made little mention of automation.” 
For example, one proposal?” envisioned an initial lunar supply base 
with a mass of “less than 1000 tons, deployed by 25 persons in 4 
months, maintained by 10 persons.” The buildup rate for industry 
in space was explored with the assumption that about 3000 tons of 
equipment would need to be brought up from Earth. These stud- 
ies?! had included, but only in a limited way, the concept of 
“bootstrapping”: the use of industry in space to yield, as finished 
products, some components identical to those of the industry itself. 
Partial self-replication was a key to cost-cutting and to rapid expo- 
nential growth of industry in space. Earlier studies”°**6 from 
which the concept of bootstrapping had been excluded had already 
concluded that 90-96% of the required factory mass could be de- 
rived from lunar sources. 

The Space Studies Institute (SSI), founded in 1978 by O’Neill 
to further his research, then turned to the question of reducing the 
cost of space bootstrapping by resorting to some degree of automa- 
tion. During 1978-1980, SSI organized a series of workshops?**0”° 
aimed at defining more precisely the minimum size of an industrial 
facility capable of processing lunar materials into pure elements to 
serve as feedstock for industry in space. The workshops considered 
scenarios involving manned and unmanned facilities with prelimi- 
nary estimates of 15-107 tons for partially self-replicating lunar fac- 
tories of several different types that could grow with a doubling 
time of 90 days (0.25 year). Instead of the initial cost estimates in 
the hundreds of billions of dollars, O’Neill found?**2” that 
self-replicating systems “appear capable of achieving high levels of 
productivity for investments considerably less than $10 billion. They 
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Figure 3.31. Automated space 
manufacturing facility for the 
processing of nonterrestrial 
materials.”©? 


would be in the range of the Alaska pipeline ($7 billion), and much 
lower than the Churchill Falls, Quebec, electric power system, both 
of which were private ventures.” 

Two years after the well-known NASA study on self-replicating 
lunar factories (Section 3.13) was published, in 1984 O’Neill stated 
in a book?” that within about four years SSI would release plans 
for a space program including self-replicating space manufacturing 
facilities. Hewitt claims?”® these plans never materialized, but that 
he published?” “a logistic analysis of such programs, similar to what 
SSI had intended.” However, SSI notes?*® that in 1988 “the Insti- 
tute conducted its third major systems study which, in particular, 
looked at opportunities to bootstrap space industry from low-Earth 
orbit to the lunar surface as a prelude to large-scale space industrial- 
ization.” The results of this study were published by the Lunar and 
Planetary Institute in 1988.* 9? 

As for autonomous self-replication, the SSI workshop”©” judged 
that “it would be uneconomical and unnecessary to push artificial 
intelligence to the limit of total machine autonomy, because...a great 
many jobs can be controlled by humans on Earth, through radio/ 
video links...The indispensable person in space will be the repair- 
man, and it is going beyond present technology to think of replac- 
ing him — in every eventuality — by another machine.” An exten- 
sive multi-year study published by Criswell®®! in 1980 showed that 
it was extremely likely that self-contained automated processing 
plants could produce 99% pure elements and large quantities of 
oxygen from lunar soil, and the 1980 NASA Summer Study (Sec- 
tion 3.13) provided an opportunity to begin defining the precise 
nature of a “starting kit”? for an orbital space manufacturing fa- 
cility for the processing of nonterrestrial materials (Figure 3.31). 
The ARAMIS study”? during 1981-1983 investigated additional 
specific methods for automating space manufacturing tasks, includ- 
ing especially the use of teleoperation or telepresence. Other studies 
of various concepts for automating assembly operations in space,” 
autonomous systems theory, planting robotic “seeds in space”, 
teleoperated microrobots,””° and bootstrapping space industry”?”1° 
or solar power satellite production’”°”'°S with varying degrees of 


* O'Neill was still interested in replicating systems as late as 1990, when he wrote,?® under the subtitle “Manufacturing Economically Productive Structures in Space: 
Self-Replication of General Purpose Production Machines,” the following recommendation for the decade ahead: “In its early application in space, self-replication is likely to 
be employed for three general purpose facilities: mass-drivers, processing plants to generate industrial feed-stock from lunar materials, and general purpose, teleoperated job 
shops’ capable of building more mass-drivers, processing plants and job shops. As noted earlier, it is not cost effective to carry self-replication to the 100% level. Many of the 
components of all three types of facilities are complex but light in weight and therefore inexpensive to lift from the Earth. Self-replication should be confined to the heavy, 
repetitive components of the production facilities. The logic of self-replication for production facilities in space is that a ‘seed’ facility consisting of a mass-driver, processing 
plant and job shop on the Moon and a processing plant and job shop in space could replicate itself in the sequence 1, 2, 4, 8, 16... A series of seven doublings, starting with 
an initial set of facilities built on the Earth and weighing less than fifty tons, would lead to the capability of processing about 100,000 tons of lunar material per year into 
completed structures in space. Because of its urgency in terms of potential payback and its derivation from already existing scientific work and profitable industrial practice, 
a realistic time scale for the earliest pilot plants which are partially self-replicating industrial systems on the Moon and in space is ten years — the year 2000. As doubling 
times would be as short as two months, the years 2002-2005 could yield a full-scale system processing 100,000 tons per year or more.” 
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self-replication have continued sporadically throughout the 1980s 
and 1990s to the present day. In 1984, roboticist Hans Moravec’! 
wrote enthusiastically: “I visualize immensely lucrative 
self-reproducing robot factories in the asteroids. Solar powered 
machines would prospect and deliver raw materials to huge, unen- 
closed, automatic processing plants. Metals, semiconductors and 
plastics produced there would be converted by robots into compo- 
nents which would be assembled into other robots and structural 
parts for more plants. Machines would be recycled as they broke. If 
the reproduction rate is higher than the wear out rate, the system 
will grow exponentially. A small fraction of the output of materials, 
components, and whole robots could make someone very, very rich.” 

Most recent studies have included minimizing the size of 
bootstrapping starting kits using freeform fabrication,””” molecular 
nanotechnology,””?’° and architectures for nanotechnology-based 
space manufacturing systems such as McKendree’s “logical core ar- 
chitecture”;?”>°”° replicators and nanorobotics in space utilization,” 
orbital tower construction,’’*?”? lunar development?®”8! and 
manned mission support;?® self-replicating human-inhabited 
O’Neill space colonies;?83984 and other speculations”®?°° includ- 
ing interstellar exploration?®” and communication (Section 3.11). 
Friedman?** reported in 1996 that the board of directors of SSI had 
approved “Quest for Self-Replicating Systems” as a worthwhile 
project, but through 2003°7*® still had not yet found any specific 
research proposals that met the criteria for financial support. 

In 1996, Raj Reddy?” at Carnegie Mellon University said of the 
field of self-replicating systems in space: “There have been several 
theoretical studies in this area since the 1950’s. The problem is of 
some practical interest in areas such as space manufacturing. Rather 
than uplifting a whole factory, is it possible to have a small set of 
machine tools that can produce, say, 80% of the parts needed for 
the factory, using locally available raw materials and assemble it in 
situ? The solution to this problem of manufacturing on Mars in- 
volves many different disciplines, including materials and energy 
technologies. Research problems in AI include knowledge capture 
for replication, design for manufacturability, and design of systems 
with self-monitoring, self diagnosis and self-repair capabilities.” 


3.10 Taylor Santa Claus Machine (1978) 

Following Shoulders’ original suggestion in the early 1960s of par- 
ticle beam-based replicating machines (Section 4.7), Theodore B. 
‘Taylor's concept of the “Santa Claus Machine” was reported in a popu- 
lar book on advanced space technology published in 1978 by Nigel 
Calder.!°! This is the only known extant source on Taylor's idea. 

Calder first quotes Taylor, a well-known nuclear physicist and 
advocate of arms control and small-scale solar energy production 
on Earth, as follows: “It’s possible to imagine a machine that could 
scoop up material — rocks from the Moon or rocks from asteroids 
— process them inside and produce just about any product: wash- 
ing machines or teacups or automobiles or starships. Once such a 
machine exists it could gather sunlight and materials that it’s sitting 
on, and produce on call whatever product anybody wants to name, 
as long as somebody knows how to make it and those instructions 
can be given to the machine. I think the name Santa Claus Ma- 
chine for such a device is appropriate.” Using his own words, Calder 
then describes the concept in more detail: 

“As visualized by Taylor, the machine will operate automatically, 
without any immediate involvement of human beings. Its central 
principle will be the sorting of the raw material into all the indi- 
vidual chemical elements which it contains. That will be done by a 
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Figure 3.32. Schematic of a laboratory mass spectrometer, the theo- 
retical basis for Taylor’s proposed Santa Claus Machine, from 
Calder.!° Santa Claus Machines would take raw materials available 
in space, for example on the Moon’s surface, and separate the mate- 
rials into their elements, atom by atom, using a mass spectrometer 
which separates electrically-charged molecules of two different mo- 
lecular weights. The magnet deflects the lighter molecules more 
sharply. Scaled up and elaborated greatly, the Santa Claus Machines 
would then be programmed to use the separated materials in the 
automatic manufacture of any desired products,!™“! which itself would 
not be a trivial process. 


giant version of the mass spectrograph — an analytical instrument 
from the physics laboratory which converts material into a beam of 
ionized (electrified) atoms traveling in a vacuum (Figure 3.32). It 
then deflects the beam with a magnetic field. Because lightweight 
atoms accelerate and swerve more readily than heavy atoms the vari- 
ous elements and isotopes in the beam can be sorted, atom by atom. 

“In space, nature will provide a ready-made vacuum, allowing 
the mass spectrograph to be scaled up into a large refining plant.* 
But it will need big magnets. In Taylor’s scheme these may be super- 
conducting electromagnets, working at low temperatures and offer- 
ing no resistance to the flow of electric current; alternatively, a large 
machine near the Earth may exploit the weak but extensive mag- 
netic field of the planet itself. At reasonable distances from the Sun, 
and certainly in the vicinity of the Earth and the Moon, ample power 
for the Santa Claus Machine will come from solar energy. In the 
windless vacuum of space one can build large yet flimsy mirrors, 
like gleaming parachutes. They will focus enough sunshine to va- 
porize rock. Out among the distant planets, where sunlight becomes 
feeble, the Santa Claus Machines will run by nuclear power. 

“To live up to its name, the Santa Claus Machine must make the 
stocking-fillers, from the stockpiles of very pure materials created 
by the mass spectrograph. The materials can be recombined or mixed 
to make any compound or alloy. According to Taylor, the manufac- 
turing processes will be quite different from what one sees going on 
in a steel mill or car factory on the Earth. They will take full advan- 
tage of the vacuum and weightlessness of space — for example, 
making parts simply by revaporizing the selected materials and de- 
positing them on moulds. Given a suitable range of automatic tools 


* The use of electromagnetic enrichment for bulk materials processing was also discussed by Forrester et al?*! in 1978, and was anticipated by similar methods for isotopic 
enrichment (e.g., the Calutron’”’) that had been in use since the 1940s.%*% By 1980, military particle beam line currents of 10*-10° amperes in space-deployed 


hard-vacuum-environment devices were widely anticipated.%* 
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and process controls in the system, people will simply have to ask 
for what they want, and tell the machine how to make it. 

“Santa Claus Machines in space will supply raw materials and 
manufactured goods to the Earth. In the beginning, when opera- 
tions in space are still costly, the products will have to be ones that 
are very expensive on Earth, in price per pound, and yet com- 
mand very large markets. In Taylor’s opinion, one may have to 
talk of markets of hundreds of millions, or even billions, of dol- 
lars a year. The most attractive products will be materials like alu- 
minum and titanium which require a lot of energy for their sepa- 
ration. Some of the lunar rocks are far richer in titanium than the 
titanium ores on Earth. In the long run, practically any material, 
pure or mixed, will be cheaper and easier to make in space using 
extraterrestrial sources. For Taylor, the most appealing benefit of 
large-scale production in space will be its disconnection from the 
Earth’s biosphere, which will be relieved of pollution. Taylor’s pro- 
posal for total separation of the elements means that all of them 
will come out of the same melting pot, in proportion to the 
amounts present. Potentially more precious than gold and plati- 
num will be the extraction from extraterrestrial materials of the 
elements indispensable to life — hydrogen, carbon, nitrogen, oxy- 
gen, and so on. 

“Apart from serving the Earth’s inhabitants, Santa Claus Ma- 
chines will have a much wider role in developing the resources of 
the Solar System. They can orbit the Earth, the Moon or the Sun or 
latch on to asteroids, the minor planets. Re-adapted to conditions 
of gravity and wind, they will be able to sit on planets or the moons 
of planets and gradually transform them. Their manufactured prod- 
ucts can include space settlements for human habitation — and 
even new Santa Claus Machines.” 

In recent times, a few researchers!!?° have used the term “Santa 
Claus Machine” in connection with the field of rapid prototyping 
using Solid Freeform Fabrication”?! and similar technologies (Sec- 
tion 3.20). The famous “replicator” of the science fiction television 
and movie series “Star Trek”!0°!10? also functions as a Santa Claus 
Machine, having the ability to quickly manufacture food and eating 
utensils, organic material such as flowers, inorganic materials such as 
clothing, metallic objects, and even other machines — though never 
in any episode, to our knowledge, another exact copy of itself. 
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3.11 Freitas Interstellar Probe Replicator (1979-1980) 

In 1963, Bracewell!°°?104 first suggested using material space 
probes for interstellar exploration and communication instead of 
the radio signal approach of traditional SETI (Search for Extrater- 
restrial Intelligence). In 1974, Arbib!°® became the first researcher 
to suggest in the scientific literature* using self-replicating probes** 
for this purpose: “Developments in artificial intelligence raise the 
question of the extent to which our eventual interstellar communi- 
cation will be directly with living creatures, and the extent to which 
it will be with man-machine symbioses or even with a purely ma- 
chine intelligence alone. In any case, much of the discussion of in- 
terstellar communication posits radio communication as the basic 
medium. However, we might well imagine trying to design a 
self-reproducing machine that carries out its own synthesis starting 
from the interstellar gas. These machines could then reproduce ev- 
ery time they travel a constant distance out from the home planet 
to yield a sphere moving out from the home planet with a constant 
density of these self-reproducing machines....What if they start to 
mutate?...” 

Following similar informal speculations by Calder!™! in 1978 
and by Boyce! and Davies*** in 1979, in 1979-1980 Freitas!°!4 
performed the first quantitative technical engineering analysis of a 
complete self-replicating interstellar probe, with special attention 
to materials, structural, and functional closure issues. The possibil- 
ity of nanotechnology was ignored. The idea of self-replicating in- 
terstellar probes was later adopted and widely promoted in 1981 by 
Tipler!0!?1 (a physicist often erroneously credited with originat- 
ing the idea)**** who inadvertently did not mention the earlier work, 
an omission which he recognized and corrected 13 years later (see 
Tipler?8® at pp. 44 (note 36), 350, and 380). Other writers!0161018 
continue to discuss this idea. 

In Freitas’ paper, a nonreplicating Project Daedalus” inter- 
stellar flyby space probe (Figure 3.33), with its engineering plans 
modified to include all subsystems necessary for self-replication, was 
inventoried for its mass requirements, including 86 distinct device 
structures. This inventory was then converted to specific mass re- 
quirements of 84 chemical elements, conservatively assuming a 
machine composition distribution similar to the materials consump- 
tion of the entire U.S. manufacturing system during 1972-1976, 
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* It is unknown whether Arbib was inspired by even earlier speculations on spacegoing machine replicating systems by science fiction writers, e.g., the 1967 Berserker novel 
by Fred Saberhagen®”’ or Van Vogt’s 1950 novelette trilogy Voyage of the Space Beagle®® which features self-replicating manufacturing plants that eventually fill a galaxy. 
Physicist Michio Kaku’ claims that Paul Davies “raised the possibility of a ‘von Neumann probe’ resting on our own moon, left over from a previous visitation in our 
system aeons ago. If this sounds a bit familiar, that’s because it was the basis of the [1968 science fiction] film, 2001.7 Originally, Stanley Kubrick began the film 
with a series of scientists explaining how probes like these would be the most efficient method of exploring outer space. Unfortunately, at the last minute, Kubrick cut 
the opening segment from his film, and these monoliths became almost mystical entities.” However, a careful inspection of the text of the screenplay-derived novel 20017 
reveals no mention of self-replicating machines, nor does the movie hint at this capability. The first of Clarke’s sequels to 2001, titled 2010,°% written in 1982, makes it clear 
for the first time that the black monoliths are now self-replicating entities, but Clarke's original 1951 short story from which 2001 was derived, called “The Sentinel”, explicitly 
describes the found artificial lunar artifact (originally a pyramid, not a rectangular prism) as a lone non-replicating object having been left by extraterrestrial visitors in Earth’s 
distant past, and not as an interstellar-traveling self-replicating machine. 


** These probes are sometimes called “von Neumann probes”!°? or “von Neumann machines”,°°?° which generates confusion because the terms “von Neumann machine” 
and “von Neumann architecture” have, since the mid-1940s, properly referred to the serial-processed stored-program digital computer,1°!°°° a device which von Neumann 
personally described’ in detail and later helped build (Section 2.1), and thus is (arguably) properly attributable to his name. However, there is no evidence that von Neumann 
ever described a self-replicating machine in the context of interstellar exploration or interstellar communication and so it seems technically incorrect to name this concept 
after him. As already noted, Arbib’*” apparently was the first scientist to propose self-replicating interstellar probes in the technical literature; perhaps “Arbib machines” 
could be suggested as a more appropriate nontechnical term for this concept, though it is unknown whether Arbib himself was inspired by earlier discussions of the same 
concept in the science fiction literature.’ However, the authors (Freitas and Merkle) prefer the simpler technical term “self-replicating probes” since these words are most 
directly descriptive of the technology involved, do not generate confusion with a previously-coined term currently actively employed in a closely allied technical field, and 
do not improperly attribute a concept to a person who neither originated nor proposed it. Similarly, personalizing all concepts of nanorobots as “Feynman machines ”?91#1913 
or all self-replicating machines of all possible designs as “von Neumann machines”?°7 seems only to opacify and confuse, not enlighten, the discussion. 


*** Writing in 1999,’ physicist Paul Davies notes: “Twenty years ago I suggested’™? in a flight of fancy that an advanced alien civilization might be able to manufacture 
hybrid machine-organisms that could grow from seeds sent to a suitable host planet. They would develop ‘eyes’, ‘ears’ and other sensors, and even sprout a radio antenna 
to send back the data, using local resources and energy supplies.” 


**** Tinler’s most useful contribution to this discussion was his argument?°“ that if advanced extraterrestrial civilizations exist, then they must be capable of building 
self-replicating probes, and the speed of such replication on geological timescales would make these devices ubiquitous throughout the galaxy in our current epoch; our failure 
to observe these probes thus serves as evidence that extraterrestrial civilizations do not exist. Sagan and Newman’! subsequently published a rebuttal to this argument. 


Macroscale Kinematic Machine Replicators 


39 


EROSJON SHIELD @64000 


POWERED SUB-PROBE 16 OFF 


PROBE DECK area | 


——— 5M LST 2 OFF \ 


ASTRONOMY DECK 


V7, 


BUSY GENERATER 
——— PRESSURE CHAMBER 
——— COMMUNICATIONS DECK 


\ TANK SUPPORT AND 
JETTISON ARM 


WARDENS, 1S. PROBES, SPARES. 
WARDENS N TANK 62 120 
SUPPORT Shuttune 


Section A-A 


———-—- COL 21-811 200 


GREK ON ONS 


DEPLOYABLE ANTENNA FEED 
COR 22 63600 


——— 008 2.4 950.000 
6.______e— SEPARATION INTERFACE 


~—— INDUCTION LOOP 


1022 ; 


Figure 3.33. Project Daedalus!” interstellar flyby probe, modified to carry a self-replicating seed payload.!°! (courtesy of British Inter- 


planetary Society) 


with special adjustments made for certain elements used in indus- 
trial processes not relevant to an interstellar probe (e.g., carbon black 
in tires and dyes, gypsum in construction, silver in coinage), and 
for other specialty materials preferentially employed in aerospace, 
electronics, or optical applications. The required element-by-ele- 
ment inventory was then compared to the estimated elemental abun- 
dances in a jovian planetary atmosphere or jovian moon materials 
resource in order to scale the onboard chemical extraction system. 
The performance characteristics of the extraction system were ex- 
trapolated from the known parameters of contemporary ore-pro- 
cessing technologies (and additionally assuming a factor of ten 


improvement in these parameters) — thus providing the first pub- 
lished worked example of replicating systems materials closure en- 
gineering (Section 5.6). 

In addition to the fuel and propulsion systems employed in the 
original Daedalus design study, Freitas’ proposed “seed” payload unit 
(carried aboard each self-replicating interstellar probe) required more 
than a dozen specified major subsystems to allow self-replication of 
the entire probe. These subsystems included aerostats for jovian at- 
mospheric mining, surface mining robots, chemical processors, 
metallurgical processors, a central computer with six redundant data 
caches (for reliably storing the self-description), fabricator robots, 
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assembly robots, warehouse robots, factory floor crawlers, fuel tank- 
ers, repair wardens, inspection robots called verifiers, and power 
plants. The replicating seed unit was to have a mass of 443 tons, an 
initial power consumption of 412 MW, and a doubling time of 
53.7 years. The final replicated probe had a dry mass of 107,000 
tons (roughly the mass of a modern seagoing petroleum supertanker) 
and was to carry ~10 megatons of He*/D fusion fuel. The basic 
replicative strategy °*? was to (a) use the probe to deliver the seed to 
a distant site, (b) use the seed to build more of itself, growing itself 
into a large factory, (c) build more probes (each containing a single 
seed) using the large factory, and finally (d) launch the new probes 
to the next distant sites. 


3.12 Bradley Self-Replicating Teleoperated Machine 
Shop (1980) 

William E. Bradley studied concepts for building in space in 
the 1960s when he was associated with the Institute of Defense 
Analysis, during which time he coined the word telefactor (a 
slaved machine operated by remote control; or, more commonly 
today, teleoperation or telepresence). He later became an emeri- 
tus member of the board of directors of Telefactor, a company 
formed in 1972. In 1980, while consulting at NASA Headquar- 
ters, Bradley became interested in von Neumann's assertion? that 
“it is in principle possible to set up a machine shop which can 
make a copy of any machine, given enough time and raw mate- 
rials.” Bradley decided to personally investigate the question of 
whether a machine shop (Figure 3.34), if properly utilized by 
knowledgeable human operators and supplied with adequate raw 
materials, could completely replicate itself.* Bradley concluded 
that the answer was yes (indeed, building a number of 
“homebrew” shop machines such as an entire lathe, !0?9-!> drill 
press'°’? and milling machine!”? from simpler tools has been 
demonstrated**). The following material is largely excerpted from 
Bradley’s report. !°76 

The town of Muncy is located in a somewhat remote part of 
central Pennsylvania. It is remarkable because of a nearly self-suffi- 
cient machine manufacturing capability in the Sprout-Waldron 
Company (now a division of another corporation, and therefore 
subject to change without notice). This company has manufactured 
agricultural and food-processing equipment as well as heavy ma- 
chinery for the paper industry, especially pulp grinders. I became 
acquainted with them while searching for machines able to produce 
dense pellets for use as solid fuel from agricultural cellulosic wastes. 
In the course of my visit, I was shown an excellent machine shop, a 
foundry, a woodworking shop, and a factory assembly space in which 
their machines were put together, painted and tested. They also had 
complete drafting and design engineering facilities. Of special in- 
terest was their toolmaking and repair shop, with which all of the 
milling machines, lathes, jig borers, punch presses, and so forth were 
kept in fine working order. 

This complex, with the possible exception of the foundry, seemed 
to be a system which, with human assistance, could duplicate itself. 
In retrospect, it seems worthwhile to explore the possibility that the 
human operators might be replaced by general purpose automata, 
manufactured almost completely by the complex itself. The result 
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Figure 3.34. A modern machine shop, in the hands of competent 
human operators, can replicate most of its own components. (cour- 
tesy of Zyvex Corp.) 


would then be a major component of a self-replicating system. To 
complete the system would require manufacture of a prime power 
source which could be expanded as the complex grows, manufac- 
ture of a shelter system (sheds with roofs, walls, windows, and doors) 
similarly expandable, and possibly a casting and/or forging sub- 
system, and electronic and computer components of the automata. 
The foundry with its requirement for refractory furnace linings and 
high temperatures is a special problem and in some versions of the 
system may be bypassed. 

Present-day machine shops. Each machine in a machine shop 
has a functional domain or “scope,” assuming unlimited operator 
attention and guidance. Thus, a lathe (with no attachments) is able 
to produce objects with cylindrical symmetry having axial length 
and maximum diameter determined by the “bed length” and the 
“swing” of the machine. It can also make threads (helical structures), 
and, to a limited extent, can also make straight-line cuts or grooves 
which are more properly the work of a milling machine. 
Lathes!”?>!> can drill holes most readily on the axis of a workpiece 
of cylindrical symmetry and can achieve a high degree of accuracy 
of concentricity for this one type of drilling. Most drilling, how- 
ever, is best accomplished on a jig borer. 

The second major machine type in a shop is some form of drill 
press, or, better, a jig borer. The workpiece is held firmly in an accu- 
rately translatable and rotatable fixture, remaining stationary while 
holes are drilled by a drill or boring tool held in a chuck rotating 
about the principal axis of the machine. Such a device can produce 
clusters of accurately located holes with parallel axes. 

The third important shop component is the milling machine. 
The workpiece is clamped firmly to an accurately controlled table. 
The workpiece moves continuously, slowly, during operations while 
the rotating milling cutter shaves or saws the surface being worked. 
The milling machine is usually used to make rectilinear cuts to form 
accurately related plane surfaces or grooves. 


* Von Neumann also observed?’ that a machine tool that just stamps out parts is an example of a fabricator that is more complex than that which it fabricates. Such a machine 
tool is “an organization which synthesizes something ... necessarily more complicated...than the organization it synthesizes,” so that “complication, or [re]productive 
potentiality in an organization, is degenerative.” In 1970, Nemes’* discussed artificial self-replicating machines and described how to construct “an automatic lathe able 
to reproduce itself,” a simple concept said to have been developed even before von Neumann’s work on machine replication. Custom machined parts can now be ordered online.’ 


** Evidently Doug Goncz'** “constructed a self-reproducing machine tool and sold it for $300 in 1997. The machine incorporated its own reproduction template, a drill jig 
made from 3/8 cold rolled steel.” An image of this device was still available online in 2003.1? 
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Finally, a well-equipped machine shop usually also includes a 
power hacksaw, a powerful press with forming dies for forming sheet 
metal and for punching holes with “punch and die” sets, a bending 
brake, tool grinders, and possibly a surface grinder to be used like a 
milling machine to produce flat surfaces. 

Self-replicating shop and general purpose machines. Each ma- 
chine or subsystem of such a shop can be separated into parts from 
which it can be reassembled. Each machine therefore has a “parts 
list,” and each part either can or cannot be fabricated by the set of 
machines and subsystems comprising the shop. The criterion for 
replication thus may be stated as follows: 

If all parts of all machines and subsystems [including all necessary 
“scaffold” devices] can be fabricated within the shop, then if properly 
operated the entire shop can be replicated. 

“Proper operation” in this context includes supplying raw mate- 
rials, energy, and manipulatory instructions or actions necessary to 
carry out the large number of machine operations, parts storage, 
and parts assembly required. Human labor is now used for these 
functions, or to marshal the necessary raw materials and energy. 

It is not necessary that the shop be able to produce anything 
except a replica of itself which is in turn capable of producing 
another. Therefore, some simplifications appear possible, such as 
standardization and limitation of scope where feasible. For ex- 
ample, a general purpose machine can be imagined with a wider 
cross feed table than a conventional lathe and with a standard- 
ized vise and tool holder so that it can be used for milling. All 
three dimensions of translation and one axis of rotation could be 
provided on the table. The head stock could be arranged to hold 
workpieces, milling cutters or drills. Hardened tools for the nec- 
essary cutting operations could be fabricated by the machine from 
carbon steel in the annealed condition, then tempered, drawn, 
and sharpened by a separate simpler machine including a small 
furnace and a tool grinding wheel equipped with tool-holder and 
feeds. By careful standardization of parts, tools, and fixtures, it is 
conceivable that such a “one-machine shop” could succeed in re- 
producing itself. 

Factons. After a shop had been tested with human operators 
and proven capable of self-replication, it would be possible to ex- 
plore the replacement of the human operators by mobile 
computer-controlled manipulators, or “factons.” Hopefully, all of 
the “numerical control” features could be contained in these 
general-purpose programmable devices which could handle the 
machines like a human operator. The factons would transfer work 
from operation to operation, adjust the machine, perform each op- 
eration, then transfer the work to a parts storage array. Finally, the 
parts would be assembled by the factons and the entire shop set up 
in a selected location and floor plan. The facton itself has a parts 
list, most designed to be manufacturable by the shop. Here it is 
practically inevitable that computer chips plus enormous memories 
will be needed which would fall outside the scope of the shop thus 
far envisioned. In other words most, but not all, of facton compo- 
nents could be fabricated by factons in the shop. Still, given these 
extra components provided as feedstock from outside, the factons 
could probably fully assemble themselves. The shop itself would 
require some exogenous elements, as noted above: prime power, 
shaft power transmission such as belting or electric motors, abra- 
sives, furnace heating arrangements for tool heat treatment, and 
raw material such as basic feedstock including steel rods, strips, and 
plates are among the most obvious. 

Using the same facton design, it should be possible to imple- 
ment extensions of the shop, including an optical shop, a pneu- 
matic and/or hydraulic equipment manufacturing shop, and 
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ultimately even an integrated circuit shop. Note, however, that only 
the original shop with its factons and their programs would have to 
possess the capability for self-replication. Computer components, 
probably provided from outside the system, might be furnished in 
an unprogrammed condition. Thus, factons would program the 
tapes, discs, or read-only memories by replication (and verification) 
of their existing programs. 

Program extension beyond self-replication. The “scope” of a 
self-replicating shop is much larger than is required for self-replica- 
tion. Apparently the ability to replicate utilizes only a vanishingly 
small fraction of total capabilities (to produce various sizes and shapes 
of parts and to assemble them into machines and structures). The 
essential characteristic for self-replication is that the scope must be 
adequate to produce every part of every machine in the shop by 
means of a feasible program. This “closure condition” (Section 5.6) 
can be satisfied using only a small part of the shop’s full capabilities. 

A generic self-replicating machine shop can therefore, by means 
of a simple addition to its program, manufacture other machines 
and structures and, by means of them, interact with its environ- 
ment. For example, it can construct and operate foraging systems 
to procure fuel or materials, waste disposal systems, or transport- 
ers to carry replica shops to other locations. Obviously, 
self-replication of such an extended system requires replication of 
the program-memory. This memory can be partitioned into two 
parts: (1) the self-replication process memory, and (2) the external 
process (manufacturing) memory. The distinction between these 
two memories is that the first is required to reproduce the basic unit 
(shop machines plus factons) while the second memory contains 
the program to produce process equipment not essential to the 
self-replicating nucleus. 

At this point it is clear that the effect of a self-replicating system 
on its environment may take many forms dependent on the exter- 
nal process program. Using such a program, the scope of the system 
can be extended by construction of machines and structures ca- 
pable of producing complex subsystems including mineral process- 
ing plants, solar energy power supplies, etc. All of these extended 
self-replicating systems would embody the same basic nucleus of 
machines, factons and self-replication programming. They would 
differ only by addition of the external process program segment 
peculiar to each type. 

Reliability and redundancy. Reliability is a primary concern, 
especially in the case of self-replicating processes. Two ideas are most 
important here. 

First, the self-replicating program accuracy can be verified by 
comparison with other replicas of the same program. If a discrep- 
ancy is found between two self-replicating programs, a third or fourth 
replica can be consulted and the error pinpointed and corrected. 
The test of correctness is the ability to self-replicate. 

Second, machines tend to wear, and ultimately to fail, from nor- 
mal use. On the other hand, if the system can replicate itself it can 
make spare parts and install them itself. [Authors’ note: this is not a 
logical necessity, since the shop can in theory produce multiple copies 
before any part needs to be replaced, and then simply shut down] A 
special program segment, the “maintenance program,” should be 
devised to check machine wear and perform repairs as needed. This 
segment would be part of the self-replication program, although 
another somewhat similar maintenance program should probably 
be used to care for machines and structures of the external process. 
This external maintenance program would be specialized for each 
extended system and is properly part of the second memory. [Au- 
thors’ note: high fecundity can to some degree compensate for a 
lack of reliability. ] 
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3.13 NASA Summer Study on Self-Replicating Systems 
(1980-1982) 

By the late 1970s the idea of self-replicating robots had been 
suggested in various popular writings,!0°°1° and was beginning 
to be mentioned, however fleetingly, in more technical publica- 
tions!0461048 __ although, as noted by Heer,!°” the concept had 
“acid-tongued opponents as well as supporters.”* Recognizing the 
tremendous potential for advanced automation in future space mis- 
sion planning and development, and suspecting that NASA might 
not be utilizing fully the most recent results in modern computer 
science and robotics research, in 1977 Stanley Sadin at NASA Head- 
quarters requested Ewald Heer at the Jet Propulsion Laboratory (JPL) 
to organize the NASA Study Group on Machine Intelligence and 
Robotics, chaired by the noted astronomer Carl Sagan. The Sagan 
Study Group was composed of many leading researchers from al- 
most all major centers in the fields of artificial intelligence, com- 
puter science, and autonomous systems in the United States. It in- 
cluded NASA personnel, scientists who worked on previous NASA 
missions, and experts in computer science who had little or no prior 
contact with NASA. 

The Sagan Study Group met as a full working group or as sub- 
committees between June 1977 and December 1978, devoting some 
2500 man-hours to an examination of the influence of current ma- 
chine intelligence and robotics research on the full range of space 
agency activities and recommending ways that these subjects could 
assist NASA in future missions.'°*° The eye-opening conclusions of 
the Sagan Group were that NASA was 5-15 years behind the lead- 
ing edge in computer science and technology, that (unlike its pio- 
neering work in other areas of science and technology) NASA’s use 
of computer science had been conservative and unimaginative, that 
the overall importance of machine intelligence and robotics for 
NASA had not been widely appreciated within the agency, and that 
the advances and developments in machine intelligence and robot- 
ics needed to make future space missions economical and feasible 
would not happen without a major long-term commitment and 
centralized, coordinated support. 

Upon learning of these conclusions, the NASA Advisory Coun- 
cil (NAC) convened a New Directions Workshop at Woods Hole 
in June 1979. The NAC, a senior group of scientists, engineers, 
sociologists, economists, and authors chaired by William 
Nierenberg (Director, Scripps Institute of Oceanography) had 
become concerned that people in the space program “might have 
lost some of their creative vitality and prophetic vision of the fu- 
ture”. '>! Before setting off for Woods Hole, 30 workshop mem- 
bers assembled at NASA Headquarters for briefings on the agency’s 
current program and long range plans, the projected capabilities 
of the Space Transportation System (the Space Shuttle), and vari- 
ous interesting concepts that had not yet found their way into 
formal NASA planning. The Workshop members then divided 


Kinematic Self-Replicating Machines 


themselves into eight working groups, one of which, the Telefactors 
Working Group, '”** was charged with examining possible future 
applications of very advanced automation technologies in space 
mission planning and implementation. 

The Telefactors Working Group recognized that the cost of tra- 
ditional space operations, even if transportation became relatively 
inexpensive, made many proposed large-scale enterprises so expen- 
sive that they were not likely to gain approval in any foreseeable 
funding environment. Long delays between large investments and 
significant returns made the financial burden still less attractive. 
The crux of these difficulties was the apparent need to carry fully 
manufactured machinery and equipment to generate useful output 
such as oxygen, water, or solar cells in situ. The Group decided to 
see if the feasibility of certain large-scale projects could be enhanced 
by using machines or machine systems that could replicate them- 
selves from energy and material resources already available in space. 
Such devices might be able to create a rapidly increasing population 
of identical self-replicating factories, which population could then 
produce the desired finished machinery or products. 

To demonstrate the power of the self-replication technique in 
large-scale enterprises, the Telefactors Working Group assumed a 
sample task involving the manufacture of 10° tons of solar cells on 
the Moon for use in solar power satellites. A goal of 500 GW gener- 
ating capacity — to be produced by entirely self-contained machin- 
ery, naturally occurring lunar materials, and sunlight for energy — 
was established. Starting with an initial investment estimated at $1 
billion and having placed a 100-ton payload on the surface of the 
Moon, a nonreplicating or “linear” system would require 6000 years 
to make the 10° tons of solar cells needed — clearly an impractical 
project — whereas, a self-replicating or “exponentiating” system 
would need less than 20 years to produce the same 10° tons of cells 
(Figure 3.35). The theoretical and conceptual framework for 
self-replicating automata was known to exist, though it had never 
been translated into actual engineering designs or technological 
models. In practice, this approach might not require building to- 
tally autonomous self-replicating automata, but only a largely auto- 
mated system of diverse components that could be integrated into a 
production system able to grow exponentially to reach any desired 
goal. Such systems for large-scale space use would necessarily come 
as the end result of a long R&D process in advanced automation, 
robotics, and machine intelligence, with developments at each in- 
cremental stage finding wide use both on Earth and in space in 
virtually every sphere of technology. The Group recommended, '”” 
in part, that NASA should “identify minimum feasible systems of 
this type and consider the possibility of laboratory demonstrations.” 

As a result of this workshop, NASA decided in September 1979 
to fund a major automation feasibility study to be conducted the 
following year as one of its annual joint NASA/ASEE Summer Study 
programs. To help provide the Summer Study with a set of futuris- 


* In 1996, George Friedman*® lamented that “while still at JPL, [senior aeronautical engineer] Jim Burke tried repeatedly and unsuccessfully to interest the scientific community 
at Cal Tech and JPL in establishing a prize for the first autonomous self-replicating system. At meetings I attended with the head of JPL’s Automation and Robotics activity 
and the director of USC's robotics laboratory, I was told that — for the scientific and exploration missions they were addressing — self-replication was too difficult, required 
too long a research schedule and was not necessary anyway.” 


** To complete the historical record, Robert Frosch’ recalls: “The origins of the 1979 Woods Hole Workshop were something of a ‘put up job’. Bill Nierenberg and I had discussed 
the atmosphere at NASA, and thought that very high level encouragement of broader and wilder scientific and technological thinking would be a good thing. We thought the 
NASA Advisory Council (NAC) would be a good vehicle for doing this, and that direct involvement of the members of the NAC would be good for them and for the Agency. So....we 
cooked up the summer workshop, using a pattern that had been well established by the National Academies and the National Research Council, and, indeed, used the Academies’ 
facility in Woods Hole. Personally, I also regarded it as a chance to engage in some deeper thought about possible NASA long range directions than I usually had time for. 
I have a happy nostalgic memory of the workshop, at which I spent most of my time with the Telefactors Working Group. As I recall, that group included Barney Oliver of HP, 
and, for much of the time, James Michener, and the discussions were lively and interesting. I think the workshop had some useful effect on the agency and its future ideas, 
but not as much as we had hoped. Certainly, we were never able to give self-replication as much push as I would have liked. Too many other problems got in the way, and 
then the Administration ended and I turned to other subjects and technologies. I still think that NASA has not really used teleoperation and robotics in the ways it could and 
should. The space station should be much more advanced in this way than it is. I think self-replication holds great promise, especially for making the economics of exploration 
of the solar system and the universe possible. However, it will take a new view of what constitutes partnership between people and their technology.” 
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Figure 3.35. Comparison of “linear” and 
“exponentiating” (self-replicating) manu- 
facturing systems. 
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tic goals and possibilities, an interactive symposium!” was orga- 


nized by Robert Cannon at the request of NASA Administrator 
Robert Frosch to take place the week before the opening of the 
summer session. Accordingly, during the week of 15-22 June 1980, 
23 scientists, professors, NASA personnel, and science fiction au- 
thors (including Larry Niven and Jerry Pournelle) gathered at Pajaro 
Dunes near Monterey, California, to consider two specific ques- 
tions: (1) What goals involving self-replicating telefactors might 
NASA possibly pursue during the next 25, 50, or 100 years, and (2) 
what are the critical machine intelligence and robotics technology 
areas that need to be developed? A large number of highly imagina- 
tive missions were discussed, including an automated unmanned 
(or nearly so) manufacturing facility consisting of perhaps 100 tons 
of the proper set of machines, tools, and teleoperated mechanisms 
to permit both production of useful output and replication to make 
more factories. This mission appears to have generated the most 
excitement among the symposium participants, in part because it 
had not yet been extensively studied by NASA (or elsewhere) and 
the engineering problems were largely unexplored. 

Immediately following the conclusion of the brief Pajaro Dunes 
symposium, the full summer study, entitled “Advanced Automa- 
tion for Space Missions,” was convened on 23 June 1980 at the 
University of Santa Clara in California, completing its formal work 
(roughly 10,000 man-hours) on 29 August 1980 (Figure 3.36) at 
a cost of under $1 million, with the final report, edited by Freitas 
(also a Study participant), appearing in 1982.7 During the first 
two weeks of the 1980 Study, the participants (which included 65 
scientists, engineers, professors, and NASA personnel, but no sci- 
ence fiction writers) were introduced to the status of work in arti- 
ficial intelligence and current NASA programs by a series of lec- Figure 3.36. 1980 NASA Summer Study theme art, by Rick Guidice 
tures given by scientists from SRI International and a number of (replicating lunar factory at lower left)? 
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NASA program engineers. Study members initially organized into 
three mission teams to focus on space missions which appeared to 
have great potential for automation with high relevance to future 
NASA program goals. One of these three mission teams was titled 
“nonterrestrial utilization of materials” (NIM) and was to exam- 
ine the partial automation of a space manufacturing facility (i.e., 
conventional “bootstrapping”; Section 3.9). The Study leadership 
informally decided to avoid any direct consideration of the more 
controversial topic of fully self-replicating systems. 

Just months earlier, however, NASA Administrator Robert Frosch 
had delivered a bold speech'®”’ before the influential Common- 
wealth Club of San Francisco, describing the potential benefits of 
fully self-replicating systems.* During the third week of the 10-week 
Summer Study (and once again in Week 5 or 6), Frosch joined the 
group’s deliberations and insisted that some effort should be made 
to explicitly address the question of fully self-replicating systems. 
This executive call to action (in Week 3) encouraged four members 
(Rodger A. Cliff, Robert A. Freitas Jr., Richard A. Laing, and Georg 
von Tiesenhausen) of the NTM team to break away and establish 
their own fourth mission team — the Replicating Systems Con- 
cepts (RSC) Team — whose work ultimately came to dominate the 
final report and generated the greatest public interest. (The final 
administrative report!°”® erroneously recorded that all four teams 
existed from the start.) Interestingly, three of the four rebels — 
Freitas, 0!41089 Laing, °°" and von Tiesenhausen** !°°8 — had 
already published their own work in replicating systems theory 
or design prior to joining the NASA Study; and all four Team 
members — Cliff,!9” Freitas, !07> 19%! Laing,'°?? and von 
Tiesenhausen'°°? — published further work in this area after the 
conclusion of the Study. Four other NASA Study participants, per- 
haps emboldened by the RSC Team’s efforts, later published work 
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describing or picturing machine self-replication,'°’*"'°”? and the 
Team quietly received additional informal intellectual support from 
many other Study participants. Subsequently the RSC Team’s re- 
sults were widely reported in the popular media‘””!*!°7? and else- 
where, !°83-!°87 elicited three post-Study papers by authors associ- 
ated with NASA,'°°!”? and directly inspired the writing of at least 
one science fiction novel, by James P. Hogan,°"4 a similar lunar fac- 
tory study by the Japanese Space Agency,*** 1° a 1984 University 
of Notre Dame Master’s Thesis, ©” a legal analysis of nanotechnology 
replicators,°° and several online fan clubs. !094-!0% 

The RSC Team proposed the design and construction of an au- 
tomated, multiproduct, remotely controlled or autonomous, 
reprogrammable lunar factory able to construct duplicates (in addi- 
tion to manufacturing productive output) that would be capable of 
further replication. Achieving such a factory was to involve a 
three-stage development approach. 

In stage 1, a technology feasibility demonstration of a rudimen- 
tary self-replicating system would be performed. The simple repli- 
cating system envisioned for stage 1 was a computer connected to 
one or more manipulators. Under control of the computer, the 
manipulators would assemble another computer and another set of 
manipulators from well-defined subassemblies. Examples of these 
subassemblies are printed circuit cards for the computer and indi- 
vidual joints or limb sections for the manipulators. 

In stage 2, the demonstration robot replicator is further refined 
to produce a less rudimentary system which operates in a less struc- 
tured environment. Subassemblies would now be assembled from 
still smaller sub-subassemblies including individual integrated cir- 
cuit chips, and from discrete electronic and mechanical components 
such as resistors, motors, bearings, shafts, and gears. Stage 2 would 
proceed for an extended time as the techniques for assembling each 


* The relevant portions of NASA Administrator Robert Frosch’s September 1979 speech’ bear repeating: 


“Given our current technology, and assuming that the initial economic and engineering push to build up to self-sufficiency in the use of extraterrestrial energy and materials 
would have to be supplied from the Earth, the initial investment requirements by anybody's computation would be very large, in the order of hundreds of billions of dollars. 
However, there is an intriguing approach to this problem suggested by Freeman Dyson that would detour around the difficulty and provide self sufficient access to the resources 
of the solar system for a relatively manageable investment. The key to this idea is the construction of a machine which either totally automatically, or with minimal human 
intervention and guidance, can use solar energy and local materials on the Earth, or on the Moon, or on an asteroid or elsewhere in the solar system to build a replica of itself. 
Then the machines can construct generation after generation of machines; the total quantity of machines grows exponentially as biological generations grow, rather than 
linearly, as is the case with an ordinary factory that simply turns out a product. 

“This is interesting because of the possibility that such a machine could consist of a solar energy plant plus the manufacturing capability to build another like itself including 
the solar energy plant. Thus the proliferation of machines would not only entail proliferation of factories having the capability to build factories like themselves, but at the 
same time would be building a large-scale solar energy plant....It appears possible to start with the investment necessary to put 100 tons of machinery on the Moon and after 
20 years of machine reproduction to have an energy plant and manufacturing capability equivalent to the ability to manufacture 20 billion pounds of aluminum a year. I 
choose aluminum as an example material because it is particularly energy intensive to extract, not because it is necessarily the most interesting material or product. The point 
is that it appears that one can use machines in a pseudo-biological way to establish a productive machine economy in an extraterrestrial place using extraterrestrial materials 
and solar energy. This would produce an economic base upon which further exploration of the solar system could be built, and indeed an economic base of tremendous intrinsic 
potential value for the human race. 

“This idea depends entirely on the ability to build a replicating or nearly self-replicating machine. Theorems demonstrating that this is possible have been around for over 
15 years, and the idea appeared in fiction long before that. What is different now is that we are very close to understanding how to build such machines. Indeed, I believe 
that the technology is presently available and that the necessary development could be accomplished in a decade or so. We are now examining such a program both because 
of its large implications and because of its parochial implications for making it economically possible to continue the great human adventure of exploring our neighborhood, 
the solar system, and perhaps eventually the universe in which we are embedded.” 

Five months after these remarks were made, and just four months before the start of the 1980 Summer Study, the usually futurist-friendly Omni Magazine reported Frosch’s 
comments?" with skepticism: “This scenario is a bit of a bombshell, coming as it does from the normally conservative Frosch. It also came as a bit of an embarrassment to 
some NASA officials, who say in private that the agency doesn’t have an in-depth plan for self-replicating robots.” 

Just six months later, NASA was given one such plan — but the incoming agency leadership (probably encouraged by institutional resistance) chose not to fund it. Omni 
Magazine eventually reported this plan, albeit too late, in a July 1983 full-length article on self-replicating robots written by Freitas.’° In a personal letter'®% to Freitas in 
June 1983, Robert Frosch lamented: “I continue to be interested in SRS, but know of no one now working seriously on it, nor have I talked on it further. Although I continue 
to consider it an important subject, I have had to work on other matters.” 


** The late Georg von Tiesenhausen was the assistant director of the Advanced Systems Office at NASA’s Marshall Space Flight Center in Huntsville, Alabama. He was formerly 
a member of the German team of scientists that developed the V2 rocket during World War II, and later came to the U.S. to help launch the American space program. After 
the NASA summer study was over, von Tiesenhausen’°”? told Freitas that he (GvT) had submitted an official NASA RTOP (Research and Technology Operating Plan) for a new 
study on replicating systems and methodologies for achieving closure, but evidently nothing ever came of this effort. 


*** Bob Johnstone reported’ in 1994 that Japan had developed a similar plan to build research facilities on the Moon. According to one summary: “Japan is considering 
a plan to construct a lunar station by 2024, built entirely by robots. The proposal includes a first phase, 1999-2005, to land a rover to survey possible sites; a second phase, 
2006-2016, to construct pilot plants for the production of food, oxygen and energy; and a third phase, 2017-2023, to build the full-scale facilities, including living quarters 
for people. The plan includes a permanent staff of six people. International partners would be welcome but are not seen as an essential precondition.” Suthakorn’?*’ adds: 
“Research showed that the budget and time requirements could be reduced up to ten times if fully robotic systems were used in this project instead of humans.” 
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subassembly from sub-subassemblies were developed and imple- 
mented one by one. 

In stage 3, the previous system would be further expanded in its 
capabilities, with the manipulators that were used in stages 1 and 2 
to assemble robots from ever-smaller parts now used additionally to 
build the machines which can make the parts. For example, the 
manipulators would assemble a printed circuit board manufactur- 
ing machine or a gear manufacturing machine. This extension of 
capabilities would ultimately lead to the achievement of a 
teleoperated, and later a fully autonomous, self-replicating manu- 
facturing facility.* 

The RSC Team produced three distinct proposals for kinematic 
machine replicators, as described below. 


3.13.1 NASA Robot Replication Feasibility Demonstration 

Directly inspired by von Neumann's original “sea of parts” kine- 
matic machine replicator concept (Section 2.1.2), the NASA robot 
replicator demonstration!!! (early draft authored by R. Cliff) be- 
gins with a parts depot stocked with enough subassemblies for the 
production of two robot manipulators and their associated computer 
systems. For simplicity, all parts are stocked in known positions in 
designated bins, eliminating much of the need for parts verification 
during assembly. One complete, operating robot, Robot 1, is ini- 
tially present and constructs Robot 2 which will, in turn, construct 
Robot 3 (Figure 3.37), thus passing the “fertility test.” 

Robot 1 begins its labors by obtaining, one at a time, the subas- 
semblies for the base (which doubles as the electronics card cage 
assembly) of Robot 2 from the parts depot. Robot 1 assembles the 
base, computer, and servo controls for Robot 2. Then, one at a time, 
Robot 1 obtains the subassemblies for the manipulator arms of Robot 
2 and constructs the arms of Robot 2 from them. Once Robot 2 has 
been completely assembled, Robot 1 plugs in the power cord of 
Robot 2. Finally, Robot 1 obtains a blank diskette (a removable 
mass memory device for computers) from the parts depot, inserts 
the diskette into its own computer, copies its software onto the 
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Figure 3.37. Schematic of simple robot self-replication.” 
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Figure 3.38. Proposed Robot Replication Feasibility Demonstration. 


diskette, and then removes the diskette from its own computer. Af- 
ter less than an hour of work, replication is complete when Robot 1 
turns on the power to Robot 2, inserts the diskette (which now has 
a copy of the operating software on it) into Robot 2’s computer, 
and then pushes the start button on the computer. From then on, 
Robot 2 is autonomous (Figure 3.38). 

It should be noted that some additional complexity was intro- 
duced into the demonstration by explicitly transferring the instruc- 
tions from one generation of robot to the next by physical move- 
ment of a recording medium. This strategy was employed to make 
it clear that the generations are truly autonomous. 

To facilitate multiple demonstrations the robots can be ordered 
to disassemble one another and return the parts to the parts depot, 
by following their coded instructions in reverse. Care should be 
taken to ensure that each of the assembly operations is reversible so 
that disassembly is possible — bolts should be used in preference to 
glue, welding, or rivets; mechanical and electrical connections should 
be engineered to stand up under repeated connection and discon- 
nection; and so forth. 


A top-level description !! 


was written of the assembly steps re- 
quired to produce such a robot manipulator system from about 2 
dozen subassemblies, complete with control computer and required 
electronics support. The NASA demonstration robots were antici- 
pated to be similar to the PUMA industrial assembly robot, which 
had about 500 distinguishable “parts” with about 50 in the wrist 
assembly alone.'!°* Replication would include the following sequence: 
(1) assemble base frame and bolt it to floor; (2) install card cages in 
frame; (3) install cables between card cages; (4) insert printed circuit 
cards into card cages; (5) assemble manipulator waist joint support 
to base frame; (6) install waist joint; (7) install manipulator trunk 
(vertical member); (8) install shoulder joint; (9) install upper arm; 
(10) install elbow joint; (11) install forearm; (12) install wrist joint; 
(13) install end effector; (14) install television camera mast; (15) 
install television camera; (16) connect television camera to electron- 
ics in base; (17) connect manipulator to electronics in base; (18) 
connect AC power and turn on computer; (19) transfer construc- 
tion software; and (20) boot up the new computer. Having been 
replicated as thus detailed, the new robot would then be on its own. 


* When some of the work of the RSC Team?” was first presented to scientific peers at the Fourth Space Manufacturing Conference in May 1981, Manufacturing Section Chairman 
Charles Rosen, founder of the Robotics and Automation Division of Stanford Research Institute and chief scientist of the Machine Intelligence Corporation, called it “one of 
the most important papers in this volume...this growing lunar factory would use as much nonterrestrial material as possible... [and] by replicating that factory as it grows, 
other factories could be made.” Rosen had been involved as a principal automation consultant in the earlier SSI work** on bootstrapping space manufacturing (Section 3.9). 
During the discussion which followed," Rosen added: “I am presently attempting to get the National Science Foundation and other groups to put some of their research money 
into developing self-replicating robots. But it is important to recognize that a complex robot is not essential to make a useful machine. It is possible to design a modular growing 
robot system, like the early lathes that could produce parts that could make better lathes, which then could produce parts that made better lathes, and so on. But this exercise 
has not been done. It is a concept that has yet to be explored, although I have very little doubt that if it is useful on Earth it will be explored.” Unfortunately, Rosen’s initiatives 
were never funded by NSF, nor, following the exit of Robert Frosch with the change of Presidential Administration in 1981, by NASA.*”’ 
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Dr. Charles H. Spalding, visited by the RSC Team at the re- 
search laboratories of Unimation, Inc. (manufacturer of the 
PUMA) in Mountain View, California, agreed!!0? that 5 years of 
adequate funding and manpower support could probably produce 
a ~1 m? robot manipulator system capable of assembling a dupli- 
cate of itself from prefabricated parts. On the basis of its many 
discussions with industry and research community representatives, 
the RSC Team estimated that it would require about 5 years and 
$5-50 million (1980 dollars) to accomplish the proposed robot 
replication feasibility demonstration.* A substantially similar “ro- 
bot replication facility” was subsequently described by Dorf and 
Bishop'!°? in 2001. 


3.13.2 Self-Replicating Lunar Factories 

Working from von Neumann’s clue” that “you may break a 
self-reproductive system into parts whose functioning is necessary 
for the whole system to be self-reproductive, but which are not them- 
selves self-reproductive,” the RSC Team identified two distinct ap- 
proaches to machine replication. The first approach may be called 
the “unit replication” or organismic model, in which the replicator 
is an independent unit which employs the surrounding substrate to 
directly produce an identical copy of itself. Both the original and 
the copy remain fertile and may replicate again, thus exponentiating 
their numbers. The second approach may be called the “unit 
growth” or factory model, in which a population of specialist de- 
vices, each one individually incapable of self-replication, can collec- 
tively fabricate and assemble all necessary components comprising 
all specialist devices within the system. Hence the factory is capable 
of expanding its size up to the limits of available resources in an 
appropriate environment. The factory model is often employed in 
discussions of “bootstrapping,” which is the creation of more pro- 
ductive capacity, from less, using the original capacity. In early sys- 
tems, control signals could be provided from outside, yielding a 
purely teleoperated replicator; in more mature systems, control could 
be increasingly internalized, possibly leading to full control au- 
tonomy (Section 5.1.9 (A1)). 

Note that either type of machine replicator, in order to be use- 
ful, must be capable of manufacturing useful non-self product. The 
scheduling of lunar factory operational phases (Figure 3.39) was 
regarded as flexible and subject to optimization for different mis- 
sions. As Merkle?!! reiterated more eloquently a decade later: “An 
important point to notice is that self-replication, while important, 
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Figure 3.39. Flexible scheduling of self-replicating lunar factory 
operational phases.” 
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is not by itself an objective. A device able to make copies of itself 
but unable to make anything else would not be very valuable. Von 
Neumann’s proposals centered around the combination of a Uni- 
versal Constructor, which could make anything it was directed to 
make, and a Universal Computer, which could compute anything 
it was directed to compute. This combination provides immense 
value, for it can be re-programmed to make any one of a wide range 
of things. It is this ability to make almost any structure that is de- 
sired, and to do so at low cost, which is of value. The ability of the 
device to make copies of itself is simply a means to achieve low cost, 
rather than an end in itself.” 


3.13.2.1 Von Tiesenhausen Unit Replication System 

The design for unit replication, grounded in earlier work by RSC 
Team member von Tiesenhausen,!°°* was intended to be a 
teleoperated or fully autonomous, general-purpose self-replicating 
factory to be deployed on the surface of planetary bodies or moons. 
Four major subsystems comprise each replication unit (Figure 3.40). 
First, a materials processing subsystem acquires raw materials from 
the environment and prepares industrial feedstock from these sub- 
stances. Second, a parts production subsystem uses the feedstock to 
make machines or other parts. At this point, factory output may 
take two forms: Parts may flow either to the universal constructor 
subsystem, where they are used to construct a new replication unit 
(replication), or they may flow to a production facility subsystem to 
be made into commercially useful products (production). The fac- 
tory includes a number of other important subsystems, including: 


1. Materials processing and feedstock production. In this sys- 
tem, raw materials are gathered by strip or deep mining. They 
are then analyzed, separated, and processed into industrial feed- 
stock components such as sheets, bars, ingots, castings, and so 
forth, which are laid out and stored in the materials depot. 


2. Materials depot. The materials depot collects and deposits in 
proper storage locations the various feedstock categories accord- 
ing to a predetermined plan which ensures that the subsequent 
fabrication of parts proceeds in the most efficient manner pos- 
sible. The depot also serves as a buffer during interruptions in 
normal operations caused by failures in either the materials pro- 
cessing subsystem (depot input) or in the parts production sub- 
system (at depot output). 
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Figure 3.40. Functional schematic of unit replication factory.* 


* Just 22 years later, a significant portion of the proposed NASA replicating robot demonstration was finally achieved (Sections 3.23 and 3.25.2) using small LEGO®-based 
devices made from four complex parts in a robotics laboratory in the Department of Mechanical Engineering at Johns Hopkins University. 
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3. Parts production plant. The parts production plant selects and 


transports industrial feedstock from the materials depot into 
the plant, then fabricates all parts required for factory produc- 
tion or replication activities. Finished parts are stored in the 
production parts and the replication parts depots, respectively. 


. Parts depots. There are two parts depots in the present design, 
called the production parts depot and the replication parts de- 
pot. Parts are stored in the production parts depot exclusively 
for use in the manufacture of useful products in the production 
facility. If certain raw materials other than parts and subassem- 
blies are required for production, these materials are simply 
passed from the materials depot through the parts production 
plant unchanged. The parts production depot also acts as a buffer 
during interruptions in normal operations caused by tempo- 
rary failures in either the parts production plant or the produc- 
tion facility. Parts and subassemblies are stored in the replica- 
tion parts depot exclusively for use in factory replication activi- 
ties. Storage is in lots earmarked for specific facility construc- 
tion sites. The replication parts depot also serves as buffer dur- 
ing interruptions in parts production plant or universal con- 
structor operations. 


. Production facility. The production facility manufactures the 
desired useful products. Parts and subassemblies are picked up 
at the production parts depot and are transported to the pro- 
duction facility to be assembled into specific useful products. 
Finished products are then stored in the products depot, but 
ultimately are collected by the product retrieval system for 
outshipment. 
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Figure 3.41. Unit replication factory sta- 
tionary “universal constructor.”* 
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Figure 3.42. Unit replication factory mo- 
bile “universal constructor.”” 
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6. Universal constructor. The universal constructor manufactures 


complete replication units which are exact duplicates of the origi- 
nal system. Each replica can then, in turn, construct more repli- 
cas of itself, and so on. The universal constructor retains overall 
control and command responsibility for its own replication unit 
as well as its own replicas, until the control and command func- 
tions have also been replicated and transferred to the replicas. 
These functions can be overridden at any time by external means. 
The universal constructor subsystem consists of two major, sepa- 
rate elements — the stationary universal constructor (Figure 3.41) 
and the mobile universal constructors (Figure 3.42). This com- 
posite subsystem must successfully perform a number of funda- 
mental tasks, including receiving, sorting, loading, and trans- 
porting parts and subassemblies; assembling, constructing, in- 
stalling, integrating, and testing unit replication systems; start- 
ing and controlling unit replication operations; and copying and 
transferring instructions between system components. 


. Products depot. The outputs of the production facility are stored 


in the products depot, ready for retrieval. Major hardware com- 
ponents are neatly stacked for ready access by the product re- 
trieval system. Consumables such as elemental oxygen are stored 
in reusable containers that are returned empty to the produc- 
tion facility. The products depot also serves as a buffer against 
variable output and retrieval rates. 


. Product retrieval system. The product retrieval system collects 


the outputs of all replication units in a “factory field” and car- 
ries them to an outside distribution point for immediate use or 
for subsequent outshipment. 


48 Kinematic Self-Replicating Machines 


Materials processing Figure 3.43. Unit replication lu- 
and feedstock production Parts production Products factory 


nar factory.” 


Parts storage f= =: Parts storage Product 
(replication) , (products) storage 


9. Command and control systems. The master control and com- system and are assembled on-site to increase energy system ca- 
mand system, located within the stationary universal construc- pacity according to demand during the self-replication phase. 
tor, is programmed to supervise the total factory operation and to 
communicate both with the peripheral controls of the mobile 
universal constructors during the self-replication phase and with 
the replicated stationary universal constructor during the transfer 
of command and control for the operation of the new replica 
unit. The master control and command system operates its own 
replication unit through individual communication links which 
address the local control and command systems of individual fac- 
tory elements. In this way the master control and command sys- 
tem supervises the condition and operations of its own system 
elements, from materials acquisition through end product retrieval. 


A single lunar replication unit, erected on the surface of the Moon, 
might appear as illustrated in Figure 3.43. Asa unit replication scheme, 
the multiplication of replication units proceeds from a single primary 
system to many hundreds of replica systems. This expansion must be 
carefully planned to reach the desired factory output capacity with- 
out running out of space and materials. Figure 3.44 shows one pos- 
sible detailed growth plan for the geometry of a factory field. In this 
plan, each factory constructs just three replicas simultaneously, then 
abandons replication and goes into full production of useful output. 
After the three generations depicted, a factory field network 40 units 
strong is busy manufacturing products for outshipment. 

10. Energy system. The power requirements for the 
present design may be in the gigawatt range. A single 
energy source (such as a nuclear power plant) would 
be excessively massive and difficult to replicate, leav- 
ing solar energy as the lone viable alternative. Day- 
light options include: (A) central photovoltaic with 
a ground cable network, (B) distributed photovol- 
taic with local distribution system, (C) individual 
photovoltaic, and (D) satellite power system, with 
microwave or laser power transmission to cen- 
tral, local, or individual receivers. Nighttime 
power options include MHD, thermionics, or 
turbogenerators using fuel generated with excess ca- 
pacity during daytime. Oxygen plus aluminum, 
magnesium, or calcium could be used for fuel. A 
15% efficient central silicon photovoltaic power 
station was assumed in the reference design, with | 
an output of tens of gigawatts and a size on the — 


: ¢ PRODUCT 
order of tens of square kilometers for an entire fac- ouT 

tory field. Each replication unit must produce, in ENERGY 
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part of the photovoltaic energy system equal to the 
energy needs of its replicas. These are retrievedalong Figure 3.44. Possible growth plan with simultaneous replica construction of a 
with the regular products by the product retrieval _ field of lunar factories.” 
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3.13.2.2 Freitas Factory Replication System 

The design for unit growth, grounded in ear- 
lier work by RSC Team member Freitas,!°'4 was 
intended to be a teleoperated or fully autonomous 
general-purpose factory which expands to some 
predetermined mature size starting from a relatively 
tiny “seed” initially deposited on the lunar surface 
that unpacks and begins to grow. This seed, once 
deployed on the Moon, remains circular in shape, 
thus providing the smallest possible perimeter/sur- 
face area ratio and minimizing interior transport 
distances. Expansion is radially outward with an 
accelerating radius during the growth phase. The 
factory platform is divided into two identical halves 
(Figure 3.45), each composed of three major pro- 
duction subsystems: (1) the chemical processing 
sector, which accepts raw lunar materials, extracts 
needed elements, and prepares process chemicals 
and refractories for factory use; (2) the fabrication 
sector, which converts these substances into manu- 
factured parts, tools, and electronics components; 
and (3) the assembly sector, which assembles fab- 


ricated parts into complex working machines or useful products of 
any conceivable design. Each circular growth unit includes eight 
fundamental subsystems, the first three of which are external to the 


main factory floor, as follows: 


PRODUCT 


OUTPUT 


MATERIALS \ 


1. Transponder network. A transponder network operating at gi- 
gahertz frequencies assists mobile factory robots in accurately 
fixing their position relative to the main factory complex while 
they are away from it. The network is composed of a number of 
navigation and communication relay stations set up in a well 
defined regular grid pattern around the initial seed and the grow- 
ing factory complex. This may be augmented by a lunar GPS. 


. Paving robots. In order to secure a firm foundation upon which 
to erect seed (and later factory) machinery, a platform of ad- 
joining flat cast basalt slabs is required. In the baseline design, a 
team of five paving robots lays down this foundation in a regu- 
lar checkerboard pattern, using focused solar energy to melt 
pregraded lunar soil in situ. 


. Mining robots. Factory mining robots perform six distinct func- 
tions in normal operation: (1) strip mining, (2) hauling, (3) 
landfilling, (4) grading, (5) cellar-digging, and (6) towing. Lu- 
nar soil is strip-mined in a circular pit surrounding the growing 
seed and hauled back to the factory for processing, after which 
the unused slag is returned to the inside edge of the annular pit 
and used for landfill which may later be paved over to permit 
additional factory radial expansion. Paving operations require a 
well graded surface, and cellar digging is necessary so that the 
central computer may be partially buried a short distance be- 
neath the surface to afford better protection from potentially 
disabling radiation and particle impacts. Towing is needed for 
general surface transport and rescue operations to be performed 
by the mining robots. The robot design selected is a modified 
front loader with combination roll-back bucket/dozer blade and 
a capacity for aft attachments including a grading blade, towing 
platform, and a tow bar. 


. Chemical processing sectors. Mining robots deliver raw lunar 
soil strip-mined at the pit into large input hoppers arranged 
along the edge of entry corridors leading into the chemical pro- 
cessing sectors in either half of the factory. This material is elec- 
trophoretically separated!!4 into pure minerals or workable 
mixtures of minerals, then processed using the HF acid leach 
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Figure 3.45. Functional schematic of unit growth factory.” 


method!!9:1106 and other specialized techniques to recover 
volatiles, refractories, metals, and nonmetallic elements. Chemi- 
cal processing operations are shown schematically in Figure 3.46. 
Useless residue and wastes are collected in large output hoppers 
for landfill. Buffer storage of materials output is on site. 


. Fabrication sectors. The factory fabrication sector is an inte- 


grated system for the production of finished aluminum or mag- 
nesium parts, wire stock, cast basalt parts, iron or steel parts, 
refractories, and electronics parts. As shown in the basic opera- 
tional flowchart for parts fabrication (Figure 3.47), there are 
three major subsystems: (1) the casting subsystem, consisting of 
a casting robot to make molds, mixing and alloying furnaces for 
basalt and metals, and automatic molding machines to manu- 
facture parts to low tolerance using the molds and alloys pre- 
pared; (2) the laser machining and finishing subsystem, which 
performs final cutting and machining of various complex or 
very-close-tolerance parts; and (3) the electronics fabrication sub- 
system. 1074 


. Assembly sectors. Finished parts flow into the automated as- 


sembly system warehouse, where they are stored and retrieved 
by warehouse robots as required. This subsystem provides a buffer 
against system slowdowns or temporary interruptions in service 
during unforeseen circumstances. The automated assembly sub- 
system requisitions necessary parts from the warehouse and fits 
them together to make subassemblies which are inspected for 
structural and functional integrity. Subassemblies may be re- 
turned to the warehouse for storage, or passed to the mobile 
assembly and repair robots for transport to the factory perim- 
eter, either for internal repairs or to be incorporated into work- 
ing machines and automated subsystems which themselves may 
contribute to further growth. The basic operational flowchart 
for factory parts assembly is shown in Figure 3.48. 


. Solar canopy. The solar canopy is a roof of photovoltaic solar 


cells, suspended on a relatively flimsy support web of wires, 
crossbeams and columns perhaps 3-4 meters above ground level. 
The canopy covers the entire factory platform area and expands 
outward as the rest of the facility grows. The solar canopy and 
power grid provide all electrical power for factory systems. 
Canopy components may be stationary or may track solar mo- 
tions using heliostats if greater efficiency is required. 
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Figure 3.47. Unit growth factory parts fabrication sector.’ 
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Figure 3.48. Unit growth factory assembly sector.” 


8. Computer control and communications. The seed computer 
must allow the deployment and operation of a highly complex, 
teleoperated or completely autonomous factory system. The 
original computer must erect an automated production facility, 
and must be expandable in order to retain control as the factory 
grows to its full mature size. The computer control subsystem 
may coordinate all aspects of production, scheduling, opera- 
tions, repairs, inspections, maintenance, and reporting, and must 
stand ready to respond instantly to emergencies and other un- 
expected events. Computer control is nominally located at the 
hub of the expanding factory disk, and commands in hierar- 
chical fashion a distributed information processing system 
with sector computers at each node and sector subsystems at 
the next hierarchical level of control. In a practical sense, it 
is quite possible to imagine the lunar factory operating 
nonautonomously.!!°7 For instance, the in situ computer could 
be used simply as a teleoperation-management system for op- 
erations controlled directly by Earth-based workers. Material 
factory replication would proceed, but much of the informa- 
tion necessary to accomplish this would be supplied from out- 
side — partially anticipating the concept of the “broadcast ar- 
chitecture” in nanotechnology assemblers (Section 4.11.3.3). 
Other alternatives were to permit the 
on-site computer to handle mundane 
tasks and normal functions with humans 
retaining a higher-level supervisory role, 
or to allow people to inhabit the ma- 
chine factory and help it replicate as a 
manned machine economy. 


A seed mass of 100 tons was assumed 
because: (A) this mass (~4 lunar excursion 
modules) was considered a credible system 
mass in terms of foreseeable NASA launch 
capabilities to the lunar surface; (B) many 
subsystems appeared to be approaching a 
nonlinear scaling regime for smaller sys- 
tems (in this pre-nanotechnology analy- 
sis); (C) similar figures had emerged from 
prior studies of semi-automated”? and 
fully-automated !°" replicating factory sys- 
tems; and (D) the figure had appeared in 
public discussions by former NASA Admin- 
istrator Frosch! and by others in prior 
studies, '°°!!? A replication time of 1 year 
was assumed for similar reasons, leading to 
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an initial seed power requirement of 1.7 MW 
and an initial deployed diameter of 120 meters. 

A single lunar seed unit, erected on the sur- 
face of the Moon, might appear as illustrated 
in Figure 3.49. In the baseline deployment 
scenario, the seed factory lands at a predeter- 
mined site and the mobile assembly and re- 
pair robots are deployed from the master con- 
trol and command center. They assemble a 
small interim solar array and the first three 
transponder network stations, after which the 
mining and paving robots begin laying the seed 
platform. Finally, the master control and com- 
mand center is moved to the middle and the 
solar canopy is assembled, the entire process 
taking one year. Thereafter, the factory can: 
(1) grow itself larger to its optimum limit, (2) 
replicate further copies of itself for distribu- 
tion to neighboring locales, or (3) commence manufacturing valu- 
able products or commodities. For example, a factory that had un- 
dergone thousand-fold growth after 10 years of self-replication would 
represent a 2 gigawatt power generating facility. 

An important aspect of this design is that unlike previous 
bootstrapping studies which assumed at most 90-96% materials clo- 
sure (Section 5.6), the Team’s theoretical design goal for the 
self-replicating lunar factory was 100% materials, parts (both fabri- 
cation and assembly), and energy (though not necessarily 100% 
information) closure. An effort was made to specify all the chemical 
elements that would be required to build all systems, and then to 
make sure that all of these elements could be produced in adequate 
quantities by the chemical processing subsystem. This specifically 
included on-site chip manufacturing (as discussed in Section 4.4.3 
of the NASA report” and in Zachary!°”4,) Of the original 100-ton 
seed, the chip-making facility was estimated to have a mass of 7 
tons, drawing about 20 kW of power (Freitas and Gilbreath? at 
Appendix 5F, p. 293). 100% materials closure was achieved “by 
eliminating the need for many...exotic elements in the SRS design... 
[resulting in] the minimum requirements for qualitative materials 
closure... This list includes reagents necessary for the production of 
microelectronic circuitry.” (Freitas and Gilbreath”, pp. 282-283) 


OUTPUT 


Figure 3.49. Unit growth lunar factory.” 


52 


Parabolic 
Concentrator | 
| 


To es 
Radatar, \S™ 


Power Supply ~) 
(7x7m) c& 


100 KW 
(10m x 10m) 


To Radiator, 1100 m@ 


Bending Magnets- = 


To Power Supply, 
9.6 MW (69,000 m*) 


Pure-Element 
Collectors 


Schematic of 
Atomic Separator 


Figure 3.50. Schematic of Freitas atomic separator replicator. 


3.14 Freitas Atomic Separator Replicator (1981) 

Following in the tradition of Shoulders (Section 4.7) and Taylor 
(Section 3.10), in 1981 Freitas!’ privately circulated an unpub- 
lished basic technical analysis of the potential problems and perfor- 
mance characteristics of a space-based solar-powered “atomic sepa- 
rator” replicator using a fully-dissociated materials input beam, la- 
ser separation of isotopes, and raster-scan production of parts. This 
analysis was intended as a simple scaling study, not as a full systems 
design. 

In this scenario, raw lunar or asteroidal material is delivered to a 
parabolic solar furnace where it is heated to ~5000 K at the focus, 
irradiated by a pulsed-mode laser and electron gun raising the va- 
por temperature to ~6 eV, collimated and accelerated through metal 
plates, then passed through bending magnets which remove ion- 
ized species for recycling, leaving a collimated hot neutral atomic 
beam. This beam enters a linear laser isotope separation!'” cham- 
ber in which a series of magnets and tunable excitation lasers allow 
atoms of selected pure elements to be picked out of the beam and 
diverted to collectors, with a beam dump at the far end that collects 
unused material for reuse or disposal. Collected atoms, thus sorted, 
can then be employed in a beam-deposition scheme in which pure 
elemental feedstock is ionized and electrostatically delivered to a 
workpiece, building up parts and larger systems by a raster-scan 
type deposition process similar to processes which in later years 
have become known as stereolithography,'!'°''!? fused deposi- 
tion modeling (FDM),???-35 electrodeposition microfabrication 
(EFABIM), 1122-1124 gas phase solid freeform fabrication 
(SFE),!!29-!!7 and so forth, as briefly reviewed in Section 3.20. 

The main device (Figure 3.50) is a cylinder averaging ~5 meters 
wide and ~20 meters long, not counting 1100 m* of waste heat 
radiators and 76,400 m* of solar power panels producing 11 MW 
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Figure 3.51. Atomic separator with power and radiator systems de- 


ployed in lunar orbit (central module drawn 3X actual scale),!!°8 


of power. The estimated net mass throughput of atomically sorted 
atoms is ~0.00125 kg/sec. Assuming mean system density is ~100 
kg/m? (it is mostly vacuum) and the panels and radiators are 1 cm 
thick in the complete system deployed in lunar orbit (Figure 3.51), 
then the atomic separator replicator has a mass of ~120 tons and a 
net production rate of ~40 tons/year, hence can process its own 
mass of materials in ~10° sec, a ~3 year replication time. 
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3.15 Lackner-Wendt Auxon Replicators (1995) 

Inspired by Dyson's 1970 suggestion!** of rock-eating desert 
replicators (Section 3.6), in 1995 Lackner and Wendt! !?® investi- 
gated the possibility of land-based, self-replicating machine systems 
on Earth: “A minimal system that satisfies the growth requirement 
would consist of a large solar cell array and a colony of diverse and 
specialized machines called auxons. With solar energy, raw dirt, and 
air as its input, the collective purpose of the colony is to expand the 
solar cell array and build more machines largely 
without human assistance. Once the desired size is 
attained, the entire production capacity of the sys- 
tem may be diverted to useful applications such as 
large scale energy collection, control of greenhouse 
gases in the atmosphere, and fresh water production.” 

The colony (Figure 3.52) consists of numerous 
species of robots, or auxons, including many of the 
usual functional types that have been mentioned in 
prior studies of replicating systems. As one re- 
porter'!”? describes it: “Digger auxons scrape an 
inch of dirt off the desert floor. Transport auxons 
carry the dirt to a beehive of electrified ovens. Out 
of these ovens, which work at superhigh tempera- 
tures, come useful metals, like iron and aluminum, 
or the silicon required for making computer chips. 
Production auxons shape these materials into ma- 
chine parts and solar panels. Assembly auxons fit 
them into place.” The mobile robots are 10-30 cm 
in size with a mean lifespan of several growth cycles, 
are distributed about one every 10 m*, and run ex- 
clusively along an electrified grid embedded in a 
ceramic track (a ribbed structure 10 cm across in a 
continuous | meter x 1 meter gridwork forming an 
elevated factory floor) interspersed with 8-meter 
long, 50-cm wide linear kilns used to manufacture 
new track segments. The auxon population doubles 
every 3-6 months. This proposal exemplifies the 
“factory” or “unit growth” mode of replication 
manufacturing previously described in Section 
3.13.2.2 except that the functional componentry is 
undifferentiated rather than being separated into dis- 
tinct sectors of activity. 

While “most of the system must be made of com- 
mon elements,” there is no attempt to demonstrate 
complete materials closure. Elemental abundances 
of available raw materials are given, but there is no 
discussion of the specific elemental composition of 
the auxons themselves or of their supporting infra- 
structure (e.g., conveyors, crucibles, furnaces, 
high-temperature thermal sensors, chip-making plant, 
etc.). Lackner and Wendt outline an interesting 
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Figure 3.52. A field of con- 
structed solar cells with auxons 
laying track in foreground. 
(courtesy of Lackner and 
Wendt,'!”® illustration by 
Oko and Mano © 1995 Dis- 
cover Magazine) 


method for separating out the 10 most common chemical elements 
found in raw desert topsoil using a high-temperature (up to 2300 
°C) carbothermic process (Figure 3.53), and a limited form of ma- 
terials processing closure is demonstrated in the sense that all pro- 
cess chemicals are themselves composed of the available 10 elements. 
The authors admit there are problems with the carbothermic ap- 
proach — for instance, given the high diffusion rate of gaseous hy- 
drogen “the potential for leakage at 1800 °C is very high”,!!?8 not 


of Fe, Na, K 
1300...1500°C 


Ca Ti 
(439) (39) 


Figure 3.53. Carbothermic element separation cycle for Lackner-Wendt auxons. 
Processing begins with raw dirt as an input at the top of the figure and proceeds 
counterclockwise. The products are shown at the outside. With each step is listed the 
amount of heat which must be added to bring the reactant up to the process tempera- 
ture and to accomplish the reaction. The heats are normalized to one kilogram of raw 
dirt. The electrolysis step requires electric energy which is listed separately. (courtesy 
of Lackner and Wendt!!?8) 
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to mention the potential for explosion in the oxygen-rich terrestrial 
atmosphere. Other studies?”* have rejected the carbothermic ap- 
proach in favor of HF (hydrogen fluoride) acid leach!!! or al- 
ternative processes which operate at lower temperatures, leave fewer 
impurities in the output products, require less insulating materials 
and generate considerably less waste heat. However, by relying solely 
on common elements, “it is not necessary to process much more 
material than is actually to be used in building the system, which 
would drastically inflate the energy requirements and slow the growth 
rate of the auxon system.” 


3.16 The Collins Patents on Reproductive Mechanics 
(1997-1998) 


The natural human urge towards material acquisitiveness has 
seemingly aspired to its most audacious and complete expression in 
two patent filings by Charles Michael Collins. Collins is an ambi- 
tious inventor who appears, in two patents actually granted by the 
U.S. Patent Office in 1997° and 1998,°! to have laid claim to the 
entire design space of artificial kinematic self-replicating machines 
— or, more specifically, to “the newly named field of science” called 
“Reproductive Mechanics.” The breathtaking scope of the Collins 
patents is illustrated by the following brief excerpts from the patent 
filing documents which are of public record. 

In his first description of the invention, Collins®*° writes: “The 
present invention relates to a self-reproducing fundamental fabrica- 
tion machine (F-Units), such as a high resolution fundamental fab- 
ricating unit system or machine having memory and processors for 
searching, identifying, acquiring, and accessing unlimited types of 
materials to be used in subsequent manufacturing; and, as well, for 
making products, other machines including machines of the same 
type, and ultimately, a fabricating machine that may replicate or 
reproduce itself as a new machine of the same order. The unlimited 
materials referred to include materials such as materials provided 
for acquisition and three dimension processor control with error 
correction and indices to facilitate the above fabricating and repli- 
cating functions in any media. The ultimate fabricating system of 
the invention in replicating or reproducing itself as a new machine, 
is an entity of components made capable by the present disclosure 
of fulfilling these stated objectives within usual and conventional 
and standard scientific precepts and engineering precepts and yet 
provides a self-correcting and perfecting feature not found in the 
prior art.” Figure 3.54 shows a schematic view of the basic Collins 
fabricator, taken from the first patent. While the patents appear not 
to present a specific workable design for any part of a practical 
self-replicating system, they may yet provide some inspiration to 
future engineers. 
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Collins®? expands further: “It is an object of the present inven- 
tion to provide a machine system that may consist of components 
having a programmably determined structure defining the arrange- 
ment of the components, the system capably reproducing itself ac- 
cording to the programmably determined structure and consisting 
of fundamental fabricating means for diversely selecting and assem- 
bling its components consisting of diverse materials which are at 
least materials that severally are selected from a group of materials 
that consist essentially of materials that are electrically insulative, 
electrically conductive, and substances that are magnetically attrac- 
tive.” Since all materials may be considered as either insulators or 
conductors, this claim would seem to encompass all known physi- 
cal building materials. 

In the second patent,°! the claims are further extended to in- 
clude “a fabrication system for fabricating an object from a plurality 
of pieces which comprises: 


a. a data structure, including related data, representative of the 
object to be fabricated, 


b. at least one first apparatus adapted for reading the data from 
said data structure, 


c. aset of instructions, which utilize the data read from said data 
structure, 


d. at least one second apparatus capable of executing said instruc- 
tions, and 


e. at least one moveable fabrication tool responsive to said instruc- 
tions, for retrieving said pieces, placing said pieces based on 
said data of said data structure to form said object and process- 
ing said pieces in accordance with said data.” 


The uses for the patented device would include, among a lengthy 
list of other things, “quick computer programmable assembly of 
most any simple object, simultaneous part creation and assembly of 
small machines, robot creation and upkeep, [and] purifying and 
perfecting work objects including the environment.” 

These expansive claims are broadened still further in the sec- 
ond patent,°?! seemingly to encompass the whole of kinematic 
artificial life: “It is a further object of this invention to provide: a 
fundamental fabricating machine system...which includes means 
for locating, purifying, perfecting, acquiring, metabolizing and 
assimilating sustenance in the environment with less symbiotic 
necessity than most natural present life forms, and, by way of a 
new means similar to robotics that is hereinafter newly named 
and claimed and coined herein as the newly named field of sci- 
ence ‘Reproductive Mechanics’ execute unitized reproduction of 
itself with no help from man after man has first created it and its 


Figure 3.54. Plan view of a sys- 
tem comprising a self-reproduc- 
ing fundamental fabricating 
machine. (from Collins °°) 


a 
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systems and accessories, executing reproduction of its own needed 
living environment making it more cause than effect, having in- 
tellectual direction and purpose and acting in the direction of its 
own propagation and man’s and other life forms, adapting to the 
environment around it, being sensory and communicating with 
itself and/or man and/or computers, having reproducible and 
updateable memory with chaining capability and repeatable series 
and parallel operations with qualifications, and having a poten- 
tially infinite group life-span for providing thereby a man-made, 
evolutionary artificial life.” 

Collins’ patented device “is by design an entity that endeavors to 
solve all man’s problems, physical and intellectual, with the shortest 
paths to these ends built in interactively as an intrinsic 
characteristic....As it further evolves within these aforestated pri- 
mary directives the only thing left to be done (which it can do) is go 
about evolutionary improvements in the quality and quantity of its 
appointed tasks. Physical and intellectual self-reproductivity with im- 
provement is the important feature that brings about this important 
aforestated state of affairs. Evolutionary programming which in this 
medium alters full change of shape and size in all parameters will 
eventually reduce the paths, between the intellect and the physical 
task, to a virtually negligible minimum so it (the F-Unit 10 and sys- 
tem) will be ultimately all that is necessary as virtually all man’s tasks 
will be efficiently handled for all within the physical plane; with the 
only exceptions being tasks done over large (planetary) distances.” 

As a final legal catch-all in the unlikely event that some tiny 
corner of the kinematic replicator design space has been inadvert- 
ently omitted, the second patent®! warns: “The foregoing is con- 
sidered as illustrative only of the principles of the invention. Fur- 
ther, since numerous modifications and changes will readily occur 
to those skilled in the art, it is not desired to limit the invention to 
the exact construction and operation shown and described except 
where specifically claimed, and accordingly, all suitable modifica- 
tions and equivalents may be resorted to as falling within the scope 
of the claims.” 

Replicating systems engineers who, upon reading the above, 
might become concerned that their existing or future inventions 
could infringe the Collins patents, should take note that the disclo- 
sures of prior art attested in both patent filings”! include not a 
single reference to von Neumann’s substantially identical prior work 
(beginning in 1948; Section 2.1.2). Astonishingly, von Neumann's 
name appears nowhere in any of Collins’ documents, nor is there a 
single mention of any of the many hundreds of items of previously 
published relevant literature that are cited elsewhere in this book. 
These fatal omissions should have significant implications for the 
future viability and enforceability of the Collins patents. 

In the field of kinematic self-replicating machines, the most di- 
rectly relevant U.S. patents seem to include (with quoted abstracts) 
the following: 


* U.S. 4,734,856 “Autogeneric system” (March 1988):!'3! The 
invention of the “autogeneric system” is a closed recursive manu- 
facturing cycle. The working model operates by the relentless ap- 
plication of directed trial and error. The copyrighted version can 
be used to manufacture microcomputer systems, and process con- 
trol systems. The value of “autogeneric systems” rests in the in- 
herent ability to create or manufacture complex systems on de- 
mand. The autogeneric system has been doubling in size and com- 
plexity about every three months while in use. One practical de- 
velopment has been the “Silicon Scribe,” a device that manufac- 
tures single chip computers from high level specifications. The 
autogeneric system has been used to bootstrap from a crude in- 
terpreter that operated on virtual machine instructions to the 
“archive,” a self replicating computer manufacturing system. 
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° U.S. 5,659,477 “Self reproducing fundamental fabricating 


machines (F-Units)” (August 1997):°°° First Collins patent; 
see above. 


U.S. 5,764,518 “Self Reproducing Fundamental Fabricat- 
ing Machine System” (June 1998):°°! Second Collins patent; 
see above. 


U.S. 6,510,359 “Method and system for self-replicating 
manufacturing stations” (January 2003):7”? A system and 
method which provide a non-biological self replicating manu- 
facturing system (“SRMS”) are disclosed. A preferred embodi- 
ment provides an SRMS that enables assembly stations to repli- 
cate. In a preferred embodiment, positional assembly is utilized 
by one or more assembly stations to construct like assembly 
stations. Furthermore, in a most preferred embodiment, such 
assembly stations are small scale devices that are capable of work- 
ing with small scale parts, such as micron-scale, nanometer-scale 
or even molecular-scale parts, in order to construct like assem- 
bly devices. The SRMS of a preferred embodiment performs 
surface-to-surface assembly. For example, an assembly station 
on a first surface (e.g., wafer), Surface A, constructs a like as- 
sembly station on another surface (e.g., wafer), Surface B. Most 
preferably, the assembly stations replicate at an exponential rate. 
(The Zyvex Rotapod™ approach to “exponential assembly”; 
Section 4.17). 


U.S. 6,521,427 “Method for the complete chemical synthe- 
sis and assembly of genes and genomes” (February 2003).!!52 
The present invention relates generally to the fields of oligo- 
nucleotide synthesis. More particularly, it concerns the assem- 
bly of genes and genomes of completely synthetic artificial or- 
ganisms. Thus, the present invention outlines a novel approach 
to utilizing the results of genomic sequence information by com- 
puter directed gene synthesis based on computing on the hu- 
man genome database. Specifically, the present invention con- 
templates and describes the chemical synthesis and resynthesis 
of genes defined by the genome sequence in a host vector and 
transfer and expression of these sequences into suitable hosts. 
(The Egea biorobotics approach; Section 4.4). 


Other possibly relevant or interesting U.S. patents include: 


¢ US. 4,575,330 ‘Apparatus for production of three-dimensional 


objects by stereolithography” (March 1986):'1°7 A system for gen- 
erating three-dimensional objects by creating a cross-sectional 
pattern of the object to be formed at a selected surface of a fluid 
medium capable of altering its physical state in response to ap- 
propriate synergistic stimulation by impinging radiation, par- 
ticle bombardment or chemical reaction, successive adjacent 
laminae, representing corresponding successive adjacent 
cross-sections of the object, being automatically formed and in- 
tegrated together to provide a step-wise laminar buildup of the 
desired object, whereby a three-dimensional object is formed 
and drawn from a substantially planar surface of the fluid me- 
dium during the forming process. (See Section 3.20.) 


U.S. 4,608,525 “Cellular type robot apparatus” (August 1986):'133 
This invention relates to a cellular type robot apparatus consist- 
ing of a plurality of robot cells each having intelligence, wherein 
each robot cell controls its own operation on the basis of infor- 
mation exchange with adjacent robot cells. The operations of 
the robot cells are as a whole coordinated, and each robot cell 
can be controlled without the necessity of change of hard- and 
soft-wares even when one or more of the robot cells are out of 
order or when the robot needs to be expanded. Each robot cell 
can be provided so that the robot can be increased or decreased 
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in a building block arrangement. More definitely, each robot 
cell has arms corresponding to hands and feet, and is able to 
control its own operation. As the robot cells are connected and 
combined through transmission routes so as to be able to ex- 
change information, they can operate cooperatively as a group 
to perform a manipulative action. The operation of the group 
of robot cells is designed also to constitute the shape of a prede- 
termined pattern besides the operations of entwining an object, 
and gripping and moving the object. (See Section 3.8.) 


U.S. 4,835,450 “Method and system for controlling robot for con- 
structing products” (May 1989):''4 A 3-dimensional form of a 
sample product constituted by a plurality of parts having known 
forms is measured by imaging the sample product from a plu- 
rality of directions. Arrangement data representing the 3-dimen- 
sional positions and orientations of the parts constituting the 
sample product are obtained, by a construction detecting mod- 
ule, on the basis of the measured 3-dimensional form of the 
sample product. A task planning module sets a task for moving 
a part to be used for constructing a product and the sequence of 
the task by using arrangement data acquired by the construc- 
tion detecting module. Upon generation of motion command 
data for controlling a robot for constructing the product in ac- 
cordance with the task set by the task planning module, the 
generated motion command is output to a motion control 
module. The construction robot is controlled by the motion 
control module, whereby a product the same as the sample prod- 
uct is constructed. 


U.S. 4,964,062 “Robotic arm systems” (October 1990):'135 A 
multisection flexible multidigit arm contains hands at each end, 
each of which hands contains a set of fingers, suitably three, which 
are similarly formed flexible multidigit arms constructed to a 
smaller scale. Each hand contains connectors for coupling the 
hand to a mating connector mounted on an associated structure 
to provide appropriate power and control signals to the arm. 
One hand may grip the connector and the other hand is free to 
move to various positions and perform various tasks. In an addi- 
tional aspect the arm may move to different locations by somer- 
saulting between spaced connectors in the system. In an assem- 
bly system the robotic arms are used to construct frames or other 
assemblies. A completely self contained arm includes a self con- 
tained source of power. Radio communication means are pro- 
vided to allow electronic interaction with the arm from a remote 
location. In an additional aspect the self contained circuitry in- 
cludes processor means programmed to control the arm to per- 
form a certain task, relieving the operator at the remote location 
from specifying the details. Control signals to the sections of the 
arm in an additional aspect to the disclosed invention are pro- 
vided by an electrical system that uses only a few wires by multi- 
plexing the signals and the actuators, effectively “time sharing” 
the electrical leads between the large number of actuators. 


U.S. 5,150,288 “Production management system and method of 
transmitting data” (September 1992):'136 A production manage- 
ment system for controlling a production line such as an auto- 
mobile assembling line includes a plurality of slave computers 
for controlling assembling robots in assembling stations, and a 
host computer for supervising common information required 
by the slave computers. When the common information is to 
be modified due to a change in the robots, the common infor- 
mation stored in the host computer is modified into corrected 
common information, and the corrected common information 
is transmitted from the host computer to the slave computers. 
The common information stored in the slave computers can 
therefore be modified by the corrected common information. 
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* US. 5,210,821 “Control for a group of robots” (May 1993):'137 
A control for robots wherein a plurality of control units are 
connected in a hierarchical structure including a plurality of 
ranks including the lowest rank, and the robots subordinate to 
the control units belonging to the lowest rank. The present in- 
vention relates to a control for a group of robots, each having a 
plurality of mobile axis drive mechanisms, which are assigned 
to perform a variety of functions to assemble a product, and 
more particularly to a control arrangement which makes it easy 
to locate malfunctions developing in the robots. 


¢ US. 5,214,588 “Control apparatus for an FMS line” (May 
1993):!138 A control apparatus provided for an FMS (flexible 
manufacturing system) line having a robot for carrying a 
workpiece and an AGV (automatically guided vehicle) for car- 
rying a jig to be coupled to the workpiece. The control appara- 
tus generally includes a production instruction device and an 
AGV movement control device. The production instruction 
device determines a schedule for supplying jigs on the basis of a 
work supply order schedule. The AGV movement control de- 
vice causes an AGV to skip an unavailable station and to move 
to an available station in accordance with the presence or ab- 
sence of a workpiece and/or a jig and a kind of a cell to which 
the AGV is to be moved. The robot operates continuously in 
the order of the disposition of cells. 


° U.S. 5,283,943 “Automated assembly apparatus” (February 
1994):!139 A method and apparatus for assembling multiple 
component products using automated assembly equipment hav- 
ing predetermined locations for loading of components or com- 
ponent compartments. The invention includes a component 
identifier which reads indicia of component identity from com- 
ponents or component compartments, and a location indicator 
which indicates a proper location for loading and identified com- 
ponent or component compartment. The invention also con- 
templates a sensor that senses the placement of components or 
component compartments in the locations of the assembly ma- 
chine, and a disabling device which disables the assembly ma- 
chine if components or component compartments are misplaced. 


© U.S. 5,355,577 “Method and apparatus for the assembly of 
microfabricated devices” (October 1994):'338 A method of rap- 
idly assembling many discrete microelectronic or micro-me- 
chanical devices in a precise configuration. The devices are placed 
randomly on a template consisting of a pair of oppositely charged 
planar electrodes. The upper electrode contains a multiplicity 
of apertures. The template is vibrated and the devices are at- 
tracted to the apertures and trapped thereat. The shape of a 
given aperture determines the number, orientation, and type of 
device that it traps. The process is completed by mechanically 
and electrically connecting the devices. The present method for 
self-assembly allows many sub-millimeter sized electronic com- 
ponents or other particles to be rapidly assembled into a prede- 
termined configuration. 


¢ US. 5,390,283 “Method for optimizing the configuration of a 
pick and place machine” (February 1995):'\° A genetic algo- 
rithm is used to search for optimal configurations of a com- 
puter controlled pick and place machine, which places parts on 
printed circuit boards. Configurations include: assigning grip- 
pers to pipettes of the machine; assigning parts, destined for the 
printed circuit boards, to feeders of the machine; assigning parts 
to pipettes; and determining time intervals and orders in which 
parts are to be placed. The genetic algorithm is applied to chro- 
mosome strings representing parameters for determining ma- 
chine configuration. A heuristic layout generator generates ma- 
chine configurations from the chromosome strings. 
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¢ US. 5,390,282 “Process for problem solving using spontaneously controller system housed in a logic control cabinet, a vision con- 


emergent self-replicating and self-improving entities” (February 
1995).373 An apparatus and process for solving problems using 
self-replicating and self-improving entities. The present inven- 
tion includes an apparatus and process for solving a problem 
using a population of entities, wherein each of the entities is an 
arrangement of actions and material which are capable of in- 
cluding an incorporation action and are capable of including an 
emission action. (See Section 2.2.1.) 


U.K. GB19940004227, U.S. 6,157,872, “Programmable materi- 
als” (U.K. September 1995, U.S. December 2000).8!6 Program- 
mable material is a collection of substantially cubic shaped bricks 
called monomers that move relative to each other under com- 
puter control to sculpt engineering structures and mechanisms 
(walking machine). The monomers have features to lock to other 
monomers and slide relative to other monomers without separat- 
ing. The monomers are fault tolerant against damage; functional 
monomers move faulty monomers and replace them with func- 
tioning clones. Movement of monomers is broken down system- 
atically into streamers, gateways, highways and reservoir meth- 
ods to obtain individual monomer movement paths required to 
synthesize a structure. Specialized monomers can carry tools which 
together with synthesis of custom structures create custom ma- 
chines. (Joseph Michael’s “fractal robots”; Section 3.8.) 


U.S. 5,468,851 “Construction of geometrical objects from poly- 
nucleotides” (November 1995):!141 One, two and three dimen- 
sional structures may be synthesized or modified from poly- 
nucleotides. A core structure is expanded by cleavage of a loop 
with a restriction endonuclease and ligating another polynucle- 
otide to the sticky ends so that the recognition site of the re- 
striction enzyme is not reformed. This process is repeated as 
many times as necessary to synthesize any desired structure. The 
structures formed have a wide range of uses. (Seeman’s 
DNA-based structures; Section 4.5.) 


U.S. 5,475,797 “Menu driven system for controlling automated 
assembly of palletized elements” (December 1995):!4? The present 
invention is a method and apparatus for defining the critical 
characteristics of a pallet, or tray, used to supply workpieces to 
an automated, flexible assembly station or workcell. Once the 
characteristics are described and stored in memory, they may be 
used to uniquely identify workpieces which are determined to 
be defective during the automatic assembly operations. 


U.S. 5,508,636 “Electronic system organized as an array of cells” 
(April 1996):! 143 The invention concerns a programmable inte- 
grated electronic system including an array of identical cells. 
Each cell includes functional components capable, when they 
are correctly connected, of executing a given function, and pro- 
grammable connecting means for on the one hand connecting 
the functional components to each other and on the other hand 
connecting the cell to its neighbors. The present invention is 
characterized in that the system includes means of storing a first 
data item which defines the function of each of the cells in the 
array and in that each cell has means for extracting, from this 
first data item and its location the network, the programming 
word for its own function. In addition, means are provided for 
effecting the test of correct functioning of each cell and for 
reconfiguring the array where there are defective cells. 


U.S. 5,539,975 “Control system and equipment configuration 
for a modular product assembly platform” (July 1996):\\4 A 
modular product assembly platform which includes a multiple 
number of industrial robots or other similar assembly devices. 
The product assembly platform also includes a programmable 


trol system housed in a vision control cabinet and a set of robot 
controllers which operate together to control the robots or as- 
sembly devices for performing product assembly tasks. 


U.S. 5,586,387 “Automated part assembly machine” (December 
1996):"'45 An automated part assembly machine has a work 
table supported to a base and movable relative thereto and at 
least two separate robots each having an end effector movable 
around within an individual work region. The two robots are 
positioned in such a relation as to give a common work region 
in which the individual work regions of the two robots overlap. 
A parts supply is arranged to the work table for storing parts to 
be picked up by the robots. A plurality of operator hands are 
selectively and removably attached to the end effector of the 
robot for handling the parts by the robot. Disposed within the 
common region is a jig which positions the parts for assembly 
by the robot. The robots and the work table are controlled to 
operate in cooperation for assembly of the parts. The robots are 
enabled to move together with the jig and the operator hands 
relative to the parts supply so that the robots can reach over a 
wide range of the parts supply beyond the individual work re- 
gions to thereby successfully pick up suitable parts and transfer 
them to the jig for immediate assembly of the parts. Further, 
since the operator hands are on the movable work table, the 
robot can change the operator hands while moving relative to 
the parts supply for effecting the part assembly substantially 
without interruption, in addition to the advantage of enabling 
one robot to change the operator hand while the other robot is 
handling the parts. 


U.S. 5,717,598 “Automatic manufacturability evaluation method 
and system” (February 1998):'46 A designed object workability 
evaluating system for evaluating quantitatively at a stage of de- 
signing an article whether a structure of the article as designed 
can be realized easily in a manufacturing stage for thereby selec- 
tively determining a best structure from a plurality of design 
plans through comparative evaluation thereof. A server machine 
section includes a registering unit storing evaluation elements 
defined by the user, an index calculating module for calculating 
indexes indicating degrees of difficulty/ease of work, an evalua- 
tion element estimating module, a part workability evaluation 
module, an article workability evaluation module, and a best 
design plan selection/determination module. 


U.S. 5,835,477 “Mass-storage applications of local probe arrays” 
(November 1998):!!47 The present invention concerns a storage 
device comprising a local probe array and a storage medium 
with an array of storage fields (pits on surface). The local probe 
array is situated opposite to the storage medium such that each 
local probes of the local probe array can be scanned over the 
corresponding storage field. (The scanning-probe array or Mil- 
lipede concept; Section 5.7.) 


U.S. 5,980,084 “Method and apparatus for automated assembly” 
(November 1999):1148 This invention relates to the field of assem- 
bly of mechanical systems, specifically automated planning of a 
sequence of steps for assembly or disassembly of a mechanical 
system comprising a plurality of parts. A process and apparatus 
generates a sequence of steps for assembly or disassembly of a 
mechanical system. Each step in the sequence is geometrically 
feasible, i.e., the part motions required are physically possible. 
Each step in the sequence is also constraint feasible, i.e., the step 
satisfies user-definable constraints. Constraints allow process and 
other such limitations, not usually represented in models of the 
completed mechanical system, to affect the sequence. 
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© US. 5,988,845 “Universal unit for automatically configuring 


three-dimensional structures of a desired shape” (November 
1999):'149 A three-dimensional universal unit includes multiple 
identically configured assembly units, each having a central unit 
body, arms that can rotate relative to the unit body, the arms 
extending from the unit body in three orthogonal axes and hav- 
ing a connecting mechanism at the end of each arm. The as- 
sembly unit also has an information processing unit for con- 
trolling a motor in the unit body, an assembly unit operation, a 
rotary drive transmission system for transmitting arm drive 
motion from the motor, and a drive transmission system for 
engaging and disengaging the connecting mechanisms. Each 
connecting mechanism can mechanically connect with a con- 
necting mechanism of another assembly unit and includes a 
communication device for exchanging information between in- 
formation processing units of connected assembly units. (An- 
other KCA system; Section 3.8.) 


U.S. 5,994,159 “Self-assembling micro-mechanical device” (No- 
vember 1999):?447 A self-assembling micron-sized mechanical 
device is described. The device comprises hinged plates attached 
to a support. A beam having a first end free to move in an up- 
wardly-directed arc is associated with each hinged plate com- 
prising the device. The beam has a first engagement member, 
including a first angled edge, disposed at its freely-movable first 
end. Each hinged plate includes a second engagement member, 
including a second angled edge. In the unassembled state, at 
least a portion of the first engagement member lies beneath the 
second engagement member on the support. Actuation force is 
applied to the beam by an actuator, the force causing the first 
end of the beam to lift. As it does so, the first and second angled 
edges slide over another, and the hinged plate is rotated up- 
wardly about its hinges away from the support. The mechanical 
advantage provided by the angled edges allows a hinged plate to 
be rotated fully ninety degrees away from the support. (An- 
other example of “micro-origami” (Section 4.1.5), as is the work 
by Hui et al!!5°). Kris Pister first demonstrated silicon hinged 
plates in 19927445 but the University of California at Berkeley 
did not pursue a patent. 


U.S. 6,072,044 “Nanoconstructions of geometrical objects and lat- 
tices from antiparallel nucleic acid double crossover molecules” (June 
2000):'!5! Two- and three-dimensional polynucleic acid struc- 
tures, such as periodic lattices, may be constructed from an or- 
dered array of antiparallel double crossover molecules assembled 
from single stranded oligonucleotides or polynucleotides. These 
antiparallel double crossover molecules have the structural ri- 
gidity necessary to serve as building block components for two- 
and three-dimensional structures having the high translational 
symmetry associated with crystals. (Seeman’s DNA-based struc- 
tures; Section 4.5.) 


U.S. 6,142,358 “Wafer-to-wafer transfer of microstructures using 
break-away tethers” (November 2000):'15* Break-away tethers to 
secure electronic, mechanical, optical, or other microstructures, 
during release from one substrate and transfer to another. Mi- 
crostructures are fabricated with integrated tethers attaching 
them to a first substrate. The structures are undercut by etching 
and contacted and bonded to a second substrate. First and sec- 
ond substrates are separated, breaking the tethers. (Relevant to 
MEMS positional assembly; see Section 4.17.) 


U.S. 6,200,782 “Construction of nucleoprotein based assemblies 
comprising addressable components for nanoscale assembly and 
nanoprocessors” (March 2001):''>3 A logical next step in bio- 
technology is the fabrication of assemblies and devices on the 
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nanometer scale. Since most devices take advantage of the prox- 
imity and precise 3-D arrangement of individual components, 
one of the limitations in the fabrication of nanoscale devices 
has been the inherent lack of specificity in chemical methods 
for addressing components like bioengineered proteins to pre- 
cise locations in a 2-D array or 3-D lattice. Herein, a nucle- 
oprotein based nanoprocessor is described. The nanoprocessor 
includes one or more chimeric fusion proteins linked toa DNA 
scaffold. Both components of the fusion protein are enzymes. 


(See Section 4.5.) 


° U.S. 6,205,362 “Constructing applications in distributed control 
systems using components having built-in behaviors” (March 
2001):!'54 A distributed control system including self-organiz- 
ing components which are preselected on the basis of built-in 
behaviors which are needed to perform a particular application. 
The built-in behaviors enable the components to automatically 
self-organize and perform the application once coupled to the 
network. 


° US. 6,233,502 “Fault tolerant connection system for transiently 
connectable modular elements” (May 2001):'!°> A system and 
method for transiently connecting modular elements of a 
self-movable robot. The self-movable robot is known as meta- 
morphosing robots, polymorphic robots, shape-changing robots, 
or morphable structures. The modular elements can act together 
to build a structure to perform a given task. Each robotic mod- 
ule contains a mechanism allowing for communication and 
transfer of power between adjacent modules, and defining a robot 
whole to be all the modules in one connected component. (An- 
other KCA system; Section 3.8.) 


° U.S. 6,535,786 “Modular automated assembly system” (March 
2003):!1°6 A method of modular manufacturing is disclosed 
and a modular assembly system is shown utilizing a base unit 
and a plurality of detachable work stations adapted to operate 
with the base unit. Each detachable work station includes its 
own work station control processor. The assembly system is pref- 
erably fully modular since each work station is capable of con- 
trolling its own operation. Work stations may be plugged into a 
plurality of different work station ports on the base unit in a 
plurality of different combinations, preferably without repro- 
gramming either the base unit control processor or the work 
station's control processor. 


3.17 Lohn Electromechanical Replicators (1998) 

Following in the spirit of the simple early devices of Penrose 
(Section 3.3) and Morowitz (Section 3.5), in 1998 Lohn et al!!5” 
presented designs for two simple electromechanical replicators that 
could be constructed out of plastic, batteries and electromagnets. 
Following the invariant design principles exemplified by earlier de- 
vices, Lohn’s systems draw analogy from chemistry, with electro- 
magnetic forces modeling molecular bonding, complementary physi- 
cal shapes modeling molecular structure, and electrical current flow 
modeling activation. Lohn notes that “designing a self-assembling 
structure is akin to engineering an artificial catalyst, where a spe- 
cific event becomes likely only in the presence of specific compo- 
nents. This problem appears simple but is deceptive: it is not very 
difficult to engineer the self-assembly process where a parent struc- 
ture attracts the necessary components, assembles them, then de- 
taches from the offspring structure. The difficulty lies in ensuring 
robustness. One must prevent the possibility of blocked active sites, 
cancerous growths, crystal-growth formations, and other deleteri- 
ous side effects that may occur when components are randomly 
interacting.” 
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Lohn follows Penrose’s ground rules®*! which define a “seed” struc- 
ture as self-replicating if it can induce the formation of two or more 
new structures which are identical to itself and which are assembled 
by combining simpler components already present in the environ- 
ment: “Assume we have a two-dimensional environment in which 
components are mobile (e.g., coins placed between two parallel plates 
of glass). If we populate the environment with numerous compo- 
nents, add energy to it (e.g., by shaking), and wait, we expect the 
initial and final configurations of the system to be similar — ran- 
domly placed components. However, if we place a self-assembling 
seed structure into the initial environment, then add energy, we would 
expect to see multiple seed copies appear over time, with a corre- 
sponding decrease in the number of free components.” 

Lohn’s two electromechanical models — the first a seed com- 
posed of two identical components, the second a seed composed of 
two distinct components — are inspired by Morowitz’s 1959 
model® (Section 3.5) while making the design simpler using only 
active components. Lohn’s designs have no mechanical linkages 


A resistor limited current always flows through a circuit 
that energizes the right electromagnet and generates a 
relatively weak south terminal at the right side of the 
element. This south pole is the extemal pole in the 
single element. 


One open circuit energizes the left electomagnet and 
produces a northpole at the left side of the element. 


A second open circuit redundantly energizes the left 
electromagnet, strengthening the north pole at the left side 
of the element. The circuit also energizes the right 
electromagnet in an opposing winding to the #1 circuit, thus 
flipping the polarity of that magnet and producing a north 


pole at right side of the element (see the “seed” below). 


Figure 3.55. Lohn monotype electromechanical replicator: a 
single-type component (top) and two-component seed unit (bot- 
tom).!}°” (courtesy of Jason Lohn/NASA) 
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between components and consist solely of circuits, whereas the 
Morowitz model relies on two sliding parts to operate two switches. 
All of Lohn’s components are active, whereas Morowitz model used 
one active and one passive component. Finally, Lohn’s components 
have no explicit switches — circuits are switched on and off via the 
bonds that form between components — and his designs require one 
battery rather than two. Both devices are intended to replicate when 
placed in a “sea” of parts jostling on an agitated planar surface. 
Lohn Monotype Electromechanical Replicator. The monotype 
replicating seed consists of two identical components, each consist- 
ing of a pair of electromagnets cross-wired through a set of con- 
tacts, a resistor, and a battery (Figure 3.55). All parts adhere solely 
by magnetic attraction. Replication proceeds as follows (Figure 3.56): 
(I) The monotype seed is formed by forcing two elements (each 
with only one exposed south terminal) together. (II) Forming the 
seed closes contacts that flip the polarity of the rightmost electro- 
magnet and energizes the second electromagnet in the same (left) 
element, locking the two “seed” elements. The south terminal of a 
single element is attracted to the newly energized north “seed” ter- 
minal. (III) The new threesome closes circuits that strengthen the 
existing charges and energize the leftmost electromagnet, exposing 
a north terminal. As in the previous step, a single element is at- 
tracted to the exposed north terminal. (IV) The attachment of the 
fourth element closes a circuit that flips the sign of the middle-left 
electromagnet (parallel to the original seed formation) causing the 
arrangement to become unstable. The two north terminals in the 
center of the foursome now repel each other. (V) The final result is 
a new 2-element seed in addition to the first 2-element seed. Over 
time the single elements with an exposed south terminal are trans- 
formed into 2-element “seeds” with a north terminal exposed. 


Figure 3.56. Lohn monotype electromechanical replicator: self-as- 
sembly steps.!!*” (courtesy of Jason Lohn/NASA) 
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Component A 


Figure 3.57. Lohn polytype electromechanical replicator: two com- 
ponent types comprise a single seed unit.'!*” (courtesy of Jason Lohn/ 


NASA) 


Lohn Polytype Electromechanical Replicator. The polytype 
replicating seed consists of two distinct components (Figure 3.57). 
The first component is a pair of electromagnets wired to a set of 
contacts. The second component is a single electromagnet and a 
battery wired to a different set of contacts. Again, all parts adhere 
solely by magnetic attraction. Replication proceeds as follows (Fig- 
ure 3.58): (I) The polytype seed forms via random collision or by 


Figure 3.58. Lohn polytype electromechanical replicator: self-as- 
sembly steps.!!*” (courtesy of Jason Lohn/NASA) 
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artificial introduction; circuit 1 is energized forming a bond be- 
tween components A and B. (II) When immersed in a sea of indi- 
vidual components, only component B is biased towards attaching 
to the AB complex; an attractive force and complementary shapes 
encourage B to attach. (III) Likewise, the AB-B complex encour- 
ages component A to attach as shown. (IV) Once attached, the lower 
AB complex is energized, and the resulting repellant force pushes 
the offspring complex away from its parent. 

Lohn and his colleagues attempted to build both models from 
scratch, winding the specialized electromagnets by hand, but were 
unable to complete these constructions due to serious limitations in 
the time and resources available.'!°® The authors of this book can 
see no reason why Lohn’s models, if physically implemented, would 
not work. Lohn et al!'*” conclude: “The electromechanical models 
presented here represent one medium in which self-assembling 
machines can be studied. The future of designing such models for 
nanotechnology will likely benefit from work in many disciplines, 
ranging from biochemistry to physics to artificial life. Because de- 
signing self-assembling systems is non-trivial, automating the de- 
sign process*’' may hold great benefit. Furthermore, automated 
approaches may create self-assembling systems that embody prin- 
ciples human designers would never think of.” 


3.18 Moses Self-Replicating Construction Machine 
(1999-2001) 

During 1999-2001, Matt Moses, a graduate student in the De- 
partment of Mechanical Engineering at the University of New 
Mexico, invented a unique set of Lego-like blocks that are espe- 
cially well-suited for the self-replication task and elaborated some 
of the detailed kinematic requirements of a machine that can 
self-replicate or assemble its own duplicate from a stock of compo- 
nents.”'*!!? The Lego-like components were plastic parts that were 
cast from a polyurethane resin and then used to make a 3-axis Car- 
tesian manipulator which was subsequently shown to be kinemati- 
cally capable of assembling a duplicate of itself. The machine can- 
not fabricate its own plastic components and — in addition to 
mechanical problems that hamper the physical device — the con- 
structor must be controlled by an external entity. To be fully 
self-replicating, says Moses,’'* the device would have to autono- 
mously control its own actions and would have to possess the in- 
structions necessary for carrying out its duplication. “The ultimate 
goal of this work is the creation of a machine that can automatically 
fabricate components from raw materials and then assemble these 
components into a wide range of useful devices, including dupli- 
cates of the original machine.” 

Figure 3.59(A) shows two exploded views of Moses’ “basic com- 
ponent.” The component consists of two parts — an upper “handle” 
and a lower “base”. The base contains four compliant snap tangs 
that are complementary to the four tapered surfaces of the handle. 
Blocks can be assembled together as shown in Figure 3.59(B), which 
also shows how the snap tangs of the base will grasp the undercut of 
the handle of another part. In addition, the convexly tapered sur- 
faces of the base mate with concavely tapered surfaces of the handle 
in order to provide rigidity with respect to shear and torsion be- 
tween parts. Most edges on the handle and base are chamfered. The 
chamfers are important because they allow a certain amount of po- 
sitioning error during assembly. The tangs and handle also contrib- 
ute to error tolerance, since they are tapered such that two parts 
need not be exactly positioned before assembly. The slots cut in 
each side of the base allow the part to be assembled onto other parts 
that have reinforcing segments. Depending on the type of load- 
ing on the tang, it will bend primarily in either the upper or 
lower segment of the ‘L’. This can be exploited so that parts can 
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Figure 3.59. Moses’ “basic component” for 
self-replicating construction machine. (A) Ex- 
ploded views of basic component. (B) Two as- 
sembled components, cutaway view. (C) When 
two parts are assembled, the tangs of one part 
bend outward to clear the handle of the other 
part. One way the parts can be disassembled is if 
a tool depresses the tangs ofa part so that they can 
clear the handle of the other part. (courtesy of 
Matt Moses?!) 
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be disassembled. In other words, the snap-assembly is reversible. 
Figure 3.59(C) shows a sequence of sectioned views of two parts 
during assembly and disassembly. 

A plane surface can be tiled by the parts, resulting in a plane 
covered by periodically spaced handles. The constructing machine 
described here operates on such a plane. Part type 3 (Figure 3.60(A)) 
is identical to part type 2, except that its top handle has been re- 
placed with a rotary handle. A second type of connection between 
parts is the handle-slider connection. The slider — a long beam 
with the same cross section as a snap-tang — allows a part to slide 
back and forth along the handles of other parts, as in Figure 3.60(B) 
which shows a rack assembled onto the operating plane. By adding 
an actuator, forces can be applied to moving parts and their posi- 
tions can be controlled. In this component set there are two types 
of motors — a rotary type and a linear type. Racks are actuated by 
rotary motors. The rotary motors are made by attaching a basic part 
and a drive gear to an off-the-shelf motor. The rack and the drive 
gear have self-aligning teeth (the teeth easily mesh) in order to sim- 
plify assembly. In Figure 3.60(C), a motor has been added to the 
assembly. 

Moses’ constructing machine is built out of 45 parts, including 
11 different kinds of parts (all meticulously described in his the- 
sis?!>), as follows: Rack (8 used in constructing machine), Motor 1 
(1 used), Anchor (7), Rail (13), Cap (8), Rotary Cap (1), 
Cross-member (3), Cap with Support (1), Cross-member with Sup- 
port (1), Motor 2 shown in Figure 3.60(D) (1), and Motor 3 shown 
in Figure 3.60(E) (1). Five other parts (Basic Part, Plane Element, 
Rotary Plane Element, Small Gear (11 teeth), and Large Gear (14 


teeth)) are not used in the constructor but could be incorporated 
into devices that the constructor could assemble. Addressing tradeofts 
in designing parts sets, Moses?!” explains: “These ‘universal’ com- 
ponents are not all that universal — some of the parts are used in 
large numbers, while other special-purpose components are used 
infrequently. It is possible that an optimally designed component 
set would contain only a few types of parts, and these parts would 
find more uniform use in an assembly. Keep in mind, however, that 
there is a tradeoff between the complexity of the set itself and the 
complexity of an assembly made from it. Making a given assembly 
from a set of simple components may necessitate the use of many 
more parts than would be required when making an equivalent as- 
sembly from a set that had an extra few special-purpose components.” 

Moses continues: “The component set was designed in an itera- 
tive process. During this process, there was no clear design for the 
constructor. New functionalities were simply added to the set until 
the parts could be made into a suitable manipulator. This aimless 
wandering through design space is often time-consuming and costly. 
Suh! presents a systematic approach to design wherein a hierar- 
chy of functional requirements (what a system must do) and design 
parameters (Aow it will do it) are evaluated based on two axioms: (1) 
Maintain the independence of functional requirements. (2) Mini- 
mize the information content of the design (keep it simple). The 
functionality matrix (Figure 3.61) for the component set [makes] 
clear...that not all functional requirements are independent, and also 
that in some cases many parts satisfy the same requirement.” A func- 
tionality matrix can be used to compare structures, components, or 
features of a design with the functions they perform. 


Figure 3.60. Moses’ component assemblies for self-replicating construction machine. (A) A simple operating plane. (B) an assembly with 


a moving part. (C) a motorized assembly. (D) Motor 2. (E) Motor 3 (full view at left, closeup at right). (courtesy of Matt Moses 
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Figure 3.61. Functionality matrix for the component set used in the Moses self-replicating construction machine. (courtesy of Matt Moses 


Moses’ self-replicating construction machine (Figure 3.62) is a 
3-axis Cartesian manipulator made only from parts in the previ- 
ously described component set that can assemble a wide variety of 
devices, including duplicates of itself: The machine is kinematically 
capable of grasping, manipulating, and placing all of the compo- 
nents required for constructing its own duplicate, including the 
hardware required to manipulate mechanical components but ex- 
cluding the portion responsible for control. The constructor lacks 
any type of sensor or onboard control and so must be controlled 
either by a human operator or a sophisticated external controller. 
Construction activities include the retrieval of components from a 
storage site and their subsequent connection to an assembly or op- 
erating plane, but components must initially arrive at the storage 
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site through the action of another entity — namely, a human op- 
erator. Moses”! lists the entire sequence of 410 steps (specific op- 
erations) that must be executed by the construction machine in or- 
der to install each of the 45 parts in its replica, in proper order, 
proceeding from (A) to (D) in Figure 3.62. 

In the actual hardware implementation (Figure 3.63), construc- 
tor movements were sequenced by a human operator controlling 
the manipulator through a switch box. Moses candidly admits that 
“the idea did not work as well in reality as it did in simulation. In 
order to make a functioning constructor, some of the problems had 
to be solved by cheating — gluing certain parts together, for ex- 
ample. So the constructor and the device it constructs are not en- 
tirely identical. In many cases, the constructor could not develop 


Figure 3.62. Moses’ self-replicating construction machine. (A) The constructor prior to replication. (B) The constructor lays down “Part 
#1” of the replica. (C) The base platform is completed. (D) The constructor completes its replica. (For clarity, the storage site for the 45 


parts of the duplicate machine is omitted). (courtesy of Matt Moses 
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Figure 3.63. Actual physical implementation of Moses’ self-replicat- 


ing construction machine. (courtesy of Matt Moses?!) 


the necessary force to assemble components. The necessity of 
strengthening the constructor with methods outside of the allowed 
fastening techniques can be eliminated in future iterations by pro- 
ducing parts of higher tolerance, revising the part set, or revising 
the constructor design. Problems with the boom could also be solved 
by revising the design of the constructor. A gantry-crane manipula- 
tor, where the boom is supported at each end, would avoid deflec- 
tion problems and allow accurate placement of parts. Gantry-cranes 
are usually wrapped around their workspace, being larger than what 
they work on. This makes designing a gantry crane that can as- 
semble a duplicate of itself difficult. The problem of running wires 
to the motors can be solved by laying conductive traces on the plas- 
tic parts.... While, kinematically, the design was capable of accessing 
and connecting the necessary parts to assemble a duplicate of itself, 
lack of stiffness due to the design of both components and manipula- 
tor prevented it from assembling its duplicate in reality.” Neverthe- 
less, after an assisted replication both devices were operable. 


3.19 Self-Replicating Robots for Space Solar Power 
(2000) 
A 3-day NSF/NASA workshop!® was held in Arlington, Vir- 
ginia in April 2000 to identify fundamental and applied research 
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issues associated with manufacturing and construction of very large 
systems in space, especially systems designed to convert and deliver 
massive amounts of solar energy to the Earth’s power grids from 
either Earth orbit or the Moon. The manufacture and assembly of 
such systems, as well as the production of photovoltaic cells, major 
structures, transmission subsystems, and robotic facilities from lu- 
nar materials will probably require the use of large numbers of 
semi-autonomous yet cooperating robots. Reminiscent of the 1979 
Telefactors Working Group of the NASA New Directions Work- 
shop (Section 3.13), this new NSF/NASA Workshop generated no 
new replicator designs but acknowledged that if “means were found 
to make the manufacturing robots partially or mostly self-replicat- 
ing, the amount of material brought from Earth for such manufac- 
turing could be greatly reduced.” The Workshop produced a de- 
tailed R&¢D funding recommendation* for research on self-replica- 
tion totaling $8.2 million.'? Workshop participants were told that 
a lunar power system!°7!°8 might require only about 5,000 ro- 
bots — not so many that self-replication is absolutely necessary, but 
certainly a large enough number to require new research in 
“teleautonomy.” 

The Workshop’® identified three principal enabling robotics tech- 
nology areas common to all space solar power (SSP) generation sce- 
narios, the first two being: 

In-situ production of robot parts. “This area involves the au- 
tomated manufacture, assembly and repair of robot parts and sub- 
assemblies, a first step towards making a self-replicating robot...At 
some point it will become highly desirable to have the machines be 
able to reproduce themselves. Self-replicating robots will greatly lower 
the required launch mass to produce an SSP generator. The same 
technology that is needed to manufacture in-situ parts for the gen- 
erator should eventually lead to the in-situ production of robot parts 
and robots.” 

Large numbers of cooperating robots. “This area involves the 
capability of having multiple robots cooperate in completing a task 
that cannot readily be done by a single robot. Research is needed in 
both groups of heterogeneous and homogenous robots. Space solar 
power systems will involve large numbers of robots (tens of thou- 
sands) all of which must act in a semi-coordinated fashion... Lunar 
production systems can be teleoperated/supervised from Earth. As 
materials extraction, fabrication, and assembly processes become 
more complex, the autonomous robotic systems should provide 
greater efficiencies.” 

Workshop participants further concluded: “Potential self-rep- 
lication designs can support the space solar power (SSP) objec- 
tives in at least three ways: lowered construction costs, lowered 


* Research recommendations on self-replicating systems for lunar manufacturing with funding estimates by the NSF/NASA workshop”? included the following: 


1. Define system-level measures of effectiveness and models which couple the effect of alternative technologies and designs to investment costs and total system 


2, 


a 


effectiveness; ~$0.2M 
Develop a simulation capability with sufficient detail to determine manufacturing flow networks which are both transitive and intransitive and permit the determination 
of such parameters as closure, investment costs, production amplification and the degree of autonomy from human involvement; ~$0.5M. 


. Employing the simulation capability in item 2, examine a robotic hierarchical society which involves the natural extrapolations of self and mutual diagnostics, self and 


mutual repair, parts replacement from spares provisioning, parts replacement from scavenged parts of failed robots, and the construction of entirely new robots — including 
the reconfiguration of healthy robots — to serve emerging needs. The sea of parts available in the construction vicinity — although a long “bill of materials” — should 
enable a far longer list of possible robot species. Since this concept is not autotrophic it will not be completely self-replicating, but it should substantially increase the 
total system reliability and flexibility; ~$1M. 


. Employing the simulation capability in item 2, define the entire process from the mining of available raw material to the finished useful product, including the robotic 


society. Assuming that the “genome” of the robots will be under full human control, examine alternative approaches to accomplish replication closure: how are the robotic 
subsystems manufactured and how are their parent machines manufactured, etc. Determine producer/product cost and mass ratios and alternative investment costs for 
each level of closure. Estimate the optimum level of self-replication investment to maximize mission levels of effectiveness; ~$2M 


. Repeat item 4, except that varying degrees of autonomy — or internalization — of the robotic genomes shall be considered; ~$3M. 
. Migrate the understanding of self-replication attained by the past few decades of research on cellular automata to the understanding of the kinematic model; ~$0.2M 
. Continue to mine von Neumann’s intellectual heritage through scholarly reviews of his work on the general theory of automata, complexity, reliability of large systems 


with unreliable components, and evolution; ~$0.1M 


. Examine additional biological and “super-biological” analogies which may benefit the mission, including epigenesis (growth and development), immune systems, learning, 


Lamarkian evolution (passing on acquired characteristics to progeny), language acquisition and reconfigurability; ~$0.2M 


. Encourage the molecular nanotechnology community to accelerate their research into universal constructors useful to the mission; ~$1M 
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transportation costs by using extraterrestrial material and, most 
significantly, acceleration of the pace of space development so that 
humanity can benefit from space power over a time frame of de- 
cades rather than centuries.” 

A lunar power system proposed in the 1990s by Criswel 
at the Lunar and Planetary Institute would require antipodal arrays 
of photovoltaic solar collectors with microwave transmitter panels 
on the lunar surface to be constructed from lunar raw materials 
using a local mining, processing, and manufacturing infrastructure 
with assembly and maintenance to be provided by “von Neumann 
machines” * (i.e., bootstrapping or self-replicating systems). An evalu- 
ation by Boeing engineers’ '*' of five approaches to space solar power 
found that Criswell’s proposal “has the highest costs and difficulty, 
but also has the highest potential to supply a significant part of the 
world’s energy over the long term.” A partially self-replicating (en- 
ergy closure only; Section 5.6) lunar-based solar cell factory pro- 
posed in 1998 by Ignatiev et al?8! would be “a mobile, lightweight 
rover equipped with a series of solar concentrators for the volatiliza- 
tion and deposition of regolith-extracted elemental materials.... The 
lunar solar cell production facility would be highly mechanized and 
remote controlled occupying about 4 m? at a mass of 300-400 kg. 
This compares extremely favorably to the current production mass 
of about 650 kg for 75 kW of silicon solar panels. It would require 
~300 W-hr of electrical energy to grow 25W of solar cells, and hence 
would have an energy payback time of 10-12 hrs. This makes the 
in-situ lunar solar cell fabrication technique essentially self-generat- 
ing in that the cells grown would after 10-12 hr generate excess 
energy that could be used to grow more cells. 


11007,1008 


3.20 Three-Dimensional Solid Printing (2000-present) 

The GOLEM (Genetically Organized Lifelike Electro Me- 
chanics) Project??? at Brandeis University, and related earlier 
efforts in “evolutionary robotics,”** 84>? are an attempt to ex- 
tend evolutionary techniques into the physical world by evolv- 
ing diverse electro-mechanical machines (robots) that can be 
manufactured by automated fabrication,!!®*!!®? personal facto- 
ries,”” stereolithography (using a UV laser to selectively cure a 
photopolymerized resin),'''! solid freeform fabrication 
(SFEF),2272?8)!!6 selective laser sintering (SLS) and laser direct metal 
deposition (DMD),!!64!! Jaminated object modeling (LOM) and 
fused deposition modeling (FDM),”**?* or rapid prototyping 
(RP), 1110-121 Lipson and Pollack of the Volen Center for Complex 
Systems at Brandeis University describe a set of preliminary experi- 
ments evolving purely electromechanical systems composed of ther- 
moplastic, linear actuators and “neurons” (evolved artificial neural 
network) for the task of locomotion, first in simulation and then in 
reality. Lipson used the FDM technology of Stratasys Inc. which is 
based on feeding a thermoplastic feedstock wire into a heated nozzle, 
then positioning the nozzle to deposit the plastic to build a part 
layer by layer. After 3-D solid printing, these simulation-evolved 
systems then faithfully reiterate*** the performance of their virtual 
ancestors. 

Lipson and Pollack start with a set of elementary building blocks 
(bars, actuators and neurons), and a set of operations that can join 
building blocks together, take them apart, or modify their dimen- 
sions. The first task to be optimized was the speed of locomotion. 
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Figure 3.64. 3D Systems’ ThermofJet 3-D printer allows CAD de- 
signers to quickly print a 3-dimensional model to 50-100 micron 
resolution.» (courtesy of 3D Systems) 


Virtual robots are initialized empty, each with zero bars, zero actua- 
tors and zero neurons. The computer applies design operations to 
the robots at random. After each operation is carried out, the com- 
puter measures the performance of the robot in a simulator. If it is 
better than average performance (speed, in this case), the computer 
makes more of it, and if it is less than average, the computer re- 
moves it. The computer continues to run all day. In the beginning, 
most of the virtual robots are just piles of random building blocks 
and their performance is zero. By chance, after, say, a hundred gen- 
erations, a particular group of building blocks happens to assemble 
in such a way that something moves a little. That accidental assem- 
bly is then replicated because it has above-average performance. 
After many more generations, but essentially the same kind of 
progress steps, Lipson and Pollack observe the emergence of robots 
that look like they were designed, but really are just the outcome of 
this simulated natural selection.4”44”° The robots are rendered into 
real physical models using a 3-D printing process (Figure 3.64) that 
prints solid objects voxel by voxel (though with some multivoxel 
overlap due to imperfect materials flow) using a raster scan motif, 
and these robots function largely as expected when built (Figure 
3.65). This work demonstrates a complete physical evolution cycle, 
wherein a robotic system can design and manufacture new robots, 
but it is not yet self-replication because the machines produced are 
not as capable as their precursors and the robots require the rather 
substantial intervention of a 3-D printer machine and human as- 
sembly assistance (typically including actuators, power sources and 
electronic controls) in order to complete their physical instantiation. 
Earlier work by Chocron and Bidaud!!® attempted to use a ge- 
netic algorithm to evolve both the morphology and inverse kine- 
matics of a modular manipulator composed of prismatic and revo- 
lute joints, but their simple serial construction approach precluded 


* See related footnote, Section 3.11. 


** In evolutionary robotics,*% “an initial population of artificial chromosomes, each encoding the control system of a robot, is randomly created and put into the environment. 
Each robot is then free to act (move, look around, manipulate) according to its genetically specified controller while its performance on various tasks is automatically evaluated. 
The fittest robots then “reproduce” by swapping parts of their genetic material with small random mutations. The process is repeated until the “birth” of a robot that satisfies 


the performance criteria.” 


*** Evan Malone’ reports that the performance of the physical machines was typically less impressive than, although qualitatively similar to, the simulations. 
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Figure 3.66. An inkjet printed thermal actuator. (courtesy of MIT 
Media Lab)!1771186 


For example, by 2000, Stephen C. Danforth at Rutgers Univer- 
sity was printing 3-D electronic components from ceramic materi- 
als that can be insulating, semiconducting, or fully conducting, de- 
pending on their exact composition.”*? This allowed printing of 
3-D electromechanical components such as sensors and actuators 
with feature sizes as small as 200 microns, which Danforth’s group 
hoped to halve by 2003. By 2002, Joseph Jacobson’s group at the 
MIT Media Lab had printed working inorganic field-effect transis- 
tors,**** 1175 radio frequency identification tags,!!”° and working 
three-dimensional machines such as linear drive motors and ther- 
mal actuators!!”’ with feature sizes of -100 microns (Figure 3.66) 
by laying down hundreds of layers of nanoparticle-based inks using 


Figure 3.65. GOLEM Project?*® uses robotic system to automati- 
cally design and manufacture new robots; a computer-designed, 3-D 
printed robot crawler is shown below. (courtesy of Hod Lipson and 
Jordan Pollack) 


the spontaneous emergence of unforeseen or novel solutions. Simi- 
larly, Dittrich et al''®* described a “random morphology robot” 
which is an arbitrary 2-D structure composed of links and motors; 
the controller is evolved, then manual changes are applied to the 


robot to test its behavior with an impaired or mutated body. 
Lipson and Pollack point out that they are a long way from mak- 
ing a 3-D printer that can print another 3-D printer, as would be 
required for full self-replication.* They used the cheapest available 
technology, a 3-D printer that melts plastic and prints it in layers. 
Instead of their cheap $50,000 “fab,” they note that they could have 
used a $2M ora $10M “fab” that would build bigger devices out of 
stronger material. But Sony Corp. reportedly already uses a robot 
“fab” for most small consumer electronics. Stereolithography and 
rapid prototyping'!!°"''!? enjoy widespread artistic,!'® academic** 
and commercial interest,?>"?>4 and machines which can print me- 
chanical, electrical, and electronic logic componentry together on a 


small scale*** are under development.'!”° 


an inkjet printing technique that requires no clean room and tem- 
peratures under 300 °C. Several other research groups at Lucent's 
Bell Labs and Cambridge University (U.K.) have also printed tran- 
sistors using organic polymers, '!”° and there is a growing literature 
on the ink-jet printing of electronic components.!!7*"!!*4 One ru- 
mor had it that Hewlett-Packard is planning to sell a personal desk- 
top 3-D printer for as little as $1000.'!® 

According to John Canny,''8”'!88 head of the “flexonics” team 
at the University of California at Berkeley: “Flexonics could be called 
macroscopic MEMS, or polymer mechatronics. Our goal is to de- 
sign fully-functional appliances and human-interfaces from organic 
materials, and to build them without assembly using 3-D printing 
techniques.” Team members are developing a vocabulary of passive 


* In 1998, C. Phoenix"’”! informally sketched out a design for a macroscale kinematic replicator a few cubic feet in volume that would use two hydraulic-powered manipulator 
arms to machine, then assemble, its own components out of a soft plastic feedstock which would then be ultraviolet-cured to yield hard plastic parts, analogous to the 
stereolithography system offered by Vicale Corp.°* The acoustically-powered plastic replicator, composed of perhaps ~2000 parts, would be controlled by an onboard 8086-class 
computer built from cured-plastic fluidic logic elements including 1 KB of RAM, receiving instructions from a 1400-foot long strip of hole-punched control tape. Most details 
such as specific materials and assembly procedures, basic closure issues, process error rates, and accessibility of required machining tolerances were not explicitly addressed. 

In 2003-2004 graduate student Mike Collins,“*”? working in the Mechanical Engineering program at the University of Florida, set as his Masters thesis objective “to build 
a piece of hardware that can take amorphous raw material and draw on an unconstrained amount of energy to build a copy of itself and any tools that it used to make that 
copy. I am using Rapid Prototyping Machinery to build component parts and specialized equipment for mass manufacturing. My aim is to focus on the mechanics and logistics 
of such a system. This project will be aided by the following simplifying factors: 0% energy closure, limited materials to be refined, and large initial material store allowed 
(yolk subassemblies); the project will be hindered by the following complicating factors: limited materials from which to design parts and subassemblies, and high information 
closure (90% target).” 


** Saul Griffith*”? in Jacobson’s group at MIT built a working printer capable of printing in chocolate and beeswax with the LEGO® toolkit — using a simple extrusion chamber 
based on a worm screw and three-axis actuation based on the LEGO® robotics motors and the LOGO programming platform. “A three dimensional printer using programming 
languages designed for children and low cost consumables has been implemented. One can imagine a new paradigm for children’s toys involving the child in the design, 
production, and then eating! of their own play-things. "77 


*** Griffith” notes that Dow Chemical has a system” for “printing” large buildings. “A reaction vessel for the polymerization and foaming of polystyrene is placed at the 
end of a beam that rotates around a central pole. By extruding a bead of foam as the beam rotates and moves up the pole a dome is created. These domes have been used 
to make medical clinics, and as emergency relief shelters after earthquakes in Nicaragua.”""”3 In a similar development, Behrokh Khoshnevis at the University of Southern 
California has created a “contour crafter” robot that will “print” houses using a computer-guided nozzle (riding on a movable overhead gantry) that squirts successive layers 
of concrete on top of one another, shaped by side-trowels mounted on the nozzle, to build up vertical walls and domed roofs; the first one-story 2000 square foot house is 
expected to be built in 2005. 


**** In December 2000, Jacobson was quoted’? as confidently predicting: “We should be able to demonstrate a very simple processor in the next 12 to 18 months. Our goal 
is to follow the trajectory silicon took, and start printing processors with perhaps several hundred transistors, moving to thousands and then more.” Making Pentium-like chips 
on a desktop fab is “likely a several-year research project, but we believe it’s doable.” 
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THE 3D GADGET PRINTER 


How to print a remote control all in one go 


Ink-jet cartridges containing 
different types of electroactive 
polymer print moving parts as 
well as electronics 


Electronics are embedded 
within the polymer casing 
itself, rather than being 
soldered separately on a 
Printed circuit board 


Remote control is “printed” 
layer by layer 


and active mechanical components including flexure, hinge, and 
rotary joints. Instead of creating an appliance casing and then labo- 
riously filling it with electronic circuit boards, components and 
switches, says one report, |!8? flexonics will allow printing a com- 
plete and fully assembled device by setting down layer upon layer of 
conducting and semiconducting polymers in such a way that the 
required circuitry is built up as part of the bodywork (Figure 3.67). 
“When the technique is perfected, devices such as light bulbs, ra- 
dios, remote controls, mobile phones and toys will be spat out as 
individual fully functional systems without expensive and 
labor-intensive production on an assembly line.” The Berkeley team 
has already worked out how to print electronic components such as 
transistors, capacitors, inductive coils and other semiconductor com- 
ponents.!!®° Says Jeremy Risner,!!?° a member of Canny’s team: 
“My background is bioengineering and I'd like to develop models 
based on living designs...Maybe a rather flat insect with wriggling 
limbs and some actuators.” Risner hopes to develop a fully func- 
tional, mechanical and electronic device by the end of 2004, using 
several printer heads to lay circuits, transistors, capacitors, sensors 
and casing — all printed by one machine in one run, using a mul- 
titude of print heads patterning each material in layers.'!”? Thin-film 
printing of electronic devices is already a reality.'!?’ 

The Thermojet Solid Object Printer?*? manufactured by 3D 
Systems uses inkjet technology to print solid objects to ~85 micron 
resolution in X, ~60 microns in Y and ~40 micron resolution in Z. 
According to the product literature, printer volume is 2.57856 m? 
and model build time is ~104 sec with a maximum model size of 
0.0095 m°, hence the time to build a printer's volume worth of 
models is ~2.7 x 10° sec, or ~1 month “replication” time for a 499 
kg printer. 

The Z406 system built by Z Corporation in cooperation with 
Hewlett-Packard offers color inkjet-like 3-D solid printing tech- 
nology to ~76 micron resolution in Z, with a vertical build speed of 
152 microns/minute across a square 203 mm x 254 mm build area, 
up to a maximum object height of 203 mm.'!”” (The product lit- 
erature gives printer volume as 0.902496 m? and model build speed 
as 1.31 x 10° m?/sec, so the build time for a printer volume is 6.9 x 
10° sec, or ~3 months “replication” time for a 210 kg printer.) Each 
of the three exterior dimensions of Z Corp.’s smallest solid printer 
unit, the Z400, are still much larger (740 mm x 910 mm x 1070 
mm) than any of the build volume dimensions.'!”” Standardization 
of 3-D descriptive data formats is already under discussion.'!? 

Smay, Cesarano and Lewis!!! at the University of Illinois and 
Sandia Labs use an ink jet printer to deposit colloidal inks carrying 
tiny particles made of metals, ceramics, plastics, or other materials 
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Figure 3.67. The 3-D gadget 
printer. (courtesy of John 
Canny and New Scientist'!*?) 


in a layer-by-layer sequence to directly write desired 3-D patterns 
with 100 micron features. The robotic deposition or “robocasting” 
gel must be thick enough to support itself as it spans empty spaces, 
and must also retain its shape without significant shrinking or sag- 
ging as it hardens. 

There is already a vast literature 
eraphy,!!96!221 


195 On microstereolitho- 


1222,1223 


1228,1229 1230 


electrophoretics, !7*” microfluidics, microoptics, 
micropumps, 79!"!733 and microrobots,!?*4 and electrodeposition 
microfabrication or EFAB™ is well-known.!!??"!!4 Gas phase SFF 
(Solid Freeform Fabrication) has also been investigated! ee ae 
laser beams passing through acetylene gas produce solid carbon 
rods.'?9° In this manner Westberg et al!?°° have fabricated a 3-turn 
boron spring 2 mm high and 200 um wide; Maxwell et al!*37 have 
formed micro-solenoids and micro-springs from C, W, and TiC 
fibers as small as 5 um with horizontal deposition rates >12 cm/ 
sec for high-pressure (11 atm) deposition; and layered microwall!** 
and ~300-um diameter column!?°? 
factured. 

Progress is being made in solid printing at even smaller size 
scales, !240-1245 Foy example, in 2001 Satoshi Katawa and colleagues 
at Osaka University“? used two-photon micropolymerization in 
resin to create a 2 micron x 10 micron 3-D sculpture of a bull (Fig- 
ure 3.68) to a voxel resolution of 120 nm. In the single-beam ge- 
ometry, a single high numerical aperture objective lens is used to 
tightly focus the laser light so that two-photon processes are con- 
fined to the focal volume — the two-photon absorption cross-sec- 
tion for known materials is quite small, so that the light intensity 
outside the focal volume is insufficient to launch these reactions, 
permitting 3-D resolution in a single-beam laser scanning system. 
The researchers chose the shape of a bull because it has “a very so- 
phisticated 3-D shape with sharp tips and a smooth and rough body,” 
noted Hong-Bo Sun, a team member who says that the same tech- 
nique might also be used to manufacture microscopic sensors and 
3-D computer memories.!“° Marder and Perry!“ at Georgia Tech, 
also using two-photon 3-D lithography with a two-photon resist, 
have made 3-D structures of silver, gold, and copper metal as small 
as 0.170 micron wide and 0.500 micron long, with linear writing 
speeds up to 100 cm/sec. They believe their process can produce 
feature sizes as small as 100 nm. 

Many other approaches have been tried. Riehn et al!?4* used 
near-field optical lithography (a scanning near-field optical micro- 
scope (NSOM/SNOM) with a UV laser) to fabricate functional 2-D 
patterns with 160-nm feature sizes from the conjugated polymer 


structures have also been manu- 
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Figure 3.68. A 3-D resin-sculpted bull the size of a red blood cell. (2 
um scale bars; photo courtesy of S. Kawata et al!?“° and Osaka 
University) 

poly(p-phenylene vinylene). Stuke’s group!”4?"!?>! has generated 3-D 
microstructures by rapid laser prototyping, and 3-D nanostructure 
fabrication via focused-ion-beam CVD is described in Section 4.7. 
Wilson, Boland, and Mironov et al!”4'"!?“4 have printed 3-D tubes 
of living tissue using modified desktop printers filled with suspen- 
sions of micron-sized cells instead of ink — a first step towards 
printing protein patterns, complex tissues, or even entire organs. 
Similarly, Vaidyanathan and Mulligan’? are solid-printing 
resorbable implantable bone scaffolds for surgeons, as is the com- 
pany Therics.'?* Sciperio Inc.'?™ is developing a “direct-write tis- 
sue deposition apparatus” for the “creation of engineered tissues, or 
neo-organs” composed of “vascularized 3-D tissue scaffolds and liv- 
ing cells.” Mirkin’s group”®” has created dip-pen nanolithography 
arrays that can write 2-D nanoscopic patterns layer by layer on sur- 
faces — a minimum linewidth of 60 nm has been demonstrated 
using an eight-pen microfabricated probe array. Proteins can be 
printed with an AFM-based “nanofountainpen”.'?”” Alexandridis 
and Docoslis!”*° have used electrophoresis to stack latex, silica or 
graphite microparticles into 3-D structures of prescribed size and 
composition, held together by the electrical field, and it is claimed 
that the same process could be applied to nanoparticles. Saul 
Griffith!” in Jacobson’s group has described tabletop “personal fab- 
ricators” and several tools for the rapid prototyping of micron-scale 
feature-sized devices for the manufacture of printed 
microelectromechanical systems (PEMS). This would include la- 
ser-based stereolithography using a rapidly (up to ~4 KHz) switched 
micromirror array to achieve highly parallel operation.''7° Says Neil 
Gershenfeld,!?°” head of the MIT Center for Bits and Atoms: “We're 
approaching being able to make one machine that can make any 
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machine. I have a student working on this project who can gradu- 
ate when his thesis walks out of the printer, meaning that he can 
output the document along with the functionality for it to get up 
and walk away.” 

Lipson and Pollack say that while they are contemplating the 
conditions necessary for full electromechanical self-replication, this 
is not a primary goal of their research: “Self-replication is very easy 
in software and cellular automata. What is harder is to find the 
‘bootstrap.’ Just as a forge, a mill, and a lathe lead to more mills and 
lathes, and ultimately to the industrial revolution, and just as un- 
derstanding stored program computers and digital communications 
lead to all of modern computer science and the internet, our set of 
robotic technologies could someday lead to a self-sustaining “boot- 
strap’ and to more complex robotically-designed and robotically- 
constructed robots.” Adds Rodney Brooks, '”** director of the Com- 
puter Science and Artificial Intelligence Laboratory at the Massa- 
chusetts Institute of Technology, on the Lipson-Pollack work: “This 
is a long-awaited and necessary step towards the ultimate dream of 
self-reproducing machines.” 


3.21 Bererton Self-Repairing Robots (2000-2004) 

Curt Bererton, in early 2004 a Ph.D. candidate at Carnegie 
Mellon University, is investigating the design and potential utility 
of robots capable of self repair or cooperative repair.!2°? 1? Re- 
search issues include: (1) What are some general design rules for 
repairable robots? (2) How can we quantify the performance of dif- 
ferent robot teams? (3) What is the best way to achieve cooperation 
in a team of robots? (4) Is there a principled way in which multi-robot 
planning can be achieved? Bererton is most interested in 
self-sustaining systems — that is, systems that can operate in the 
absence of humans for extended periods of time — and in creating 
robots that can truly repair each other and exist as a self-sustaining 
robot colony. Figure 3.69 is a “concept picture” showing examples 
of useful capabilities in such a colony reminiscent of several “repli- 
cating lunar factory” proposals (e.g., Sections 3.13, 3.24, 3.25 and 
3.29). Many of these capabilities — including “constructing a new 
robot” or (at least partial) self-replication — would also be useful in 
applications other than space missions. 

Bererton believes that “robots will become an integral part of 
human society much like computers are today. To reduce the amount 
of down time in robotic factories, mines, and robot activity in gen- 
eral, robots should and will repair other robots,” saving time and 
money, and keeping critical infrastructure well maintained. “Clearly, 
many of these activities won't be seen on commercial robots for 
some time. It will begin with self-diagnostics that pinpoint mal- 
functioning components for a human repair technician. A great 
example of this kind of technology can be seen in modern printer/ 
photocopying machines which indicate the location and repair pro- 
cedure for stuck paper faults, open doors, lack of toner, and many 
other kinds of errors. One of the first capabilities I expect to see is 
for robots to be able to tow each other reliably to either an auto- 
mated repair facility or to a capable human repair technician.” 

Bererton has designed and built two simple robots (Figure 3.70) 
which are capable of mutual repair,!7°°!? in which all of the elec- 
trical modules can be swapped out using a forklift type mechanism. 
These robots, the first of their kind ever built,!2©! worked well; vid- 
eos are available online.'?% 

These robots exhibit several key capabilities required for a re- 
pairable robot team, including fault detection, diagnosis, and re- 
pair steps. The design concentrates on maximal re-use of existing 
components by having robots repair each other. Notes Bererton:'?”” 
“The construction of these robots proved a point. When I began 
my research on repairable robots I encountered much skepticism 
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Bump Switch 


Figure 3.70. Robots capable of mutual repair. (image courtesy of 
Curt Bererton!?°?) 


regarding whether or not robots with cooperative repair capabilities 
could ever be created. With these robots I demonstrated that such 
capabilities were not only possible, but that they could be achieved 
using technology available at the time [and] that repairable robots 
aren't as far away as some would believe.” 


3.22 Brooks Living Machines Program (2001-present) 
Rodney Brooks is both the Director of the MIT Computer Sci- 

ence and Artificial Intelligence Laboratory (CSAIL) and the Chair- 

man and CTO of iRobot, a 120-person robotics company. Well 


rk12641269 i) making small, simple work- 


known for his pioneering wo 
1270,1271 


able robots using the subsumption architecture (e.g., Attila 
and Genghis!*”!?7?) and later for his investigations of basic learning 
processes in humanoid robots (e.g., Cage and Kismet!268!274), 
in 2001 Brooks began an entirely new research program’?”? called 
“Living Machines” — moving away from building humanoid robots 
to considering instead the differences between living matter and 
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Figure 3.69. Self-sustaining system of 
mobile robots. (image courtesy of Curt 
Bererton’*”?) 


Towing a Damaged 
Robot Back to Base 


Two Robots Cooperatively 
Replacing the Wheel on a 
Damaged Team Mate 


non-living matter.'?”° “At one level we're trying to build robots that 


have properties of living systems that robots haven't had before,” he 
explained in a June 2002 interview. '7”” “We're trying to build robots 
that can repair themselves, that can reproduce (although we're a long 
way from self-reproduction), that have metabolism, and that have to 
go out and seek energy to maintain themselves.” 

Brooks is very interested in replicating systems:'7”” “We're also 
trying to build self-reproducing robots. We've been doing experiments 
with Fischer Technik and LEGO®. We're trying to build a robot out 
of LEGO® which can put together a copy of itself with LEGO® 
pieces. Obviously you need motors and some little computational 
units, but the big question is to determine what the fixed points in 
mechanical space are to create objects that can manipulate compo- 
nents of themselves and construct themselves. There is a deep math- 
ematical question to get at there, and for now we're using these 
off-the-shelf technologies to explore that. Ultimately we expect we're 
going to get to some other generalized set of components which have 
lots and lots of ways of cooperatively being put together, and hope 
that we can get them to be able to manipulate themselves. You can do 
this computationally in simulation very easily, but in the real world 
the mechanical properties matter. What is that self-reflective point of 
mechanical systems? Biomolecules as a system have gotten together 
and are able to do that.” The specific projects being studied in Brooks’ 
lab are in a constant state of flux, but the following are a few examples 
of some efforts that were being pursued in early 2003. 

One of Brooks’ graduate students, Jessica Banks, !7”8 was directly 
investigating the biological mechanisms of reproduction from a kine- 
matic cellular automaton (Section 3.8) approach, using LEGO® parts 
as the primitive building blocks. According to her original research 
plan: “The immediate goal is to build a robot that joins together the 
same pieces out of which it is built. To simplify this problem, we 
chose to construct the robot out of a limited set of LEGO® parts 
analogous to nature’s atomic building blocks: carbon, hydrogen, oxy- 
gen, nitrogen, sulfur, and phosphorous. The robot is designed to as- 
semble these blocks by combining minimal sensing and actuation 
with the passive incorporation of the environment in which it is situ- 
ated. As such, we are hoping to draw an analogy between the robotic 
system and that of molecule structures which organize due to the 
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energy flow of and reactions with the liquid water medium in which 
they are suspended. The future goal is to try to answer questions about 
whether it is possible for machines to beget machines. We would like 
a robot to autonomously assemble copies of itself, either directly or 
through a sequence of intermediate robotic constructions. What does 
reproduction mean for a robot and what is required for this process? 
Can we extract a fixed point for robotic self-assembly that we can 
apply to other inorganic and organic systems?” 

Another graduate student, Lijin Aryananda, “’” was pursuing 
a slightly different approach: “We seek to explore the ambitious 
question of how to construct self-replicating non-trivial robots. 
In nature, we observed that evolution first generated self-replicating 
single-celled organisms. Multicellular organisms didn’t appear in 
abundance until approximately 550 million years ago, during the 
Cambrian explosion. Based on this observation, we propose to 
divide our target problem into two parts: how to construct 
self-replicating simple robots and how these units may aggregate 
to form self-replicating non-trivial robots. In this project, we plan 
to carry out various computational experiments to study the fol- 
lowing issues: how do unicellular aggregates form and under what 
conditions are they more beneficial? Why do individuals in ag- 
gregates surrender their ability to reproduce? How does a uni- 
cellular organism’s self-reproducing mechanism evolve to the 
self-reproducing mechanism in multicelled organisms? How does 
differentiation emerge in multicellular organisms? Our hope is that 
the answers to these questions can be ultimately applied in de- 
signing complex robots that self-replicate.” 

A postdoc in Brooks’ lab, Martin C. Martin, !2®° was pursuing 
an evolutionary approach to self-replicating machines more akin 
to the work of Lipson and Pollack (Section 3.20): “Evolved bodies 
will be constrained to use parts typical of machines, such as rigid 
cylinders, metallic plates and electric motors. Existing rigid body 
simulators are well suited to this task. The world will be much 
richer than existing work, containing areas of water, land and air, 
as well as varied terrain in each area. Later, other variations may 
be added, such as day/night cycles and tides. Previous work has 
largely focused on neural networks as the representation for brains, 
but an alternate representation could lead to behaviors of a much 
greater complexity. Reinforcement learning will be used to allow 
the creatures to adapt to their environment, with the details of the 
learning framework under genetic control. This will allow the com- 
plexity of the robot to mirror the complexity of the world, rather 
than forcing that complexity to be present in the genome. It will 
also allow the brain to better adapt to changes in the body due to 
mutation. This will allow more mutations to be explored, ideally 
allow evolution to be more efficient. A success in this work could 
provide a new way to design machines of a greater complexity 
than is possible at the moment. Successful creatures could be re- 
verse engineered to determine how they work. This could lead to 
insights into the proper method of combining development and 
learning, possibly providing new paradigms for traditional 
hand-designed machines. The work could also point the way to 
giving important properties of living systems to machines, and 
shed light on the nature of those qualities.” 
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3.23 Chirikjian Group Self-Replicating Robots 
(2001-2003) 

Chirikjian’s group in the Department of Mechanical Engineer- 
ing at Johns Hopkins University (JHU) has progressed beyond 
earlier work!?8!-!783 on self-reconfiguring systems (Section 3.8) 
and now is one of the first laboratories in the world to pursue an 
active experimental research program on macroscale kinematic 
self-replicating robots. Gregory Chirikjian and Jackrit Suthakorn, 
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a graduate student in Chirikjian’s group, offer a simple operational 
definition!?°*!286 of the subject of their inquiry: “Self-replication 
is the process of assembling a functional robot from passive compo- 
nents. The robot that is assembled (the replica) is an exact copy of 
the robot doing the assembling.” Suthakorn, Chirikjian and his un- 
dergraduate students appear to have built and operated the world’s 
first mobile LEGO®-based self-replicating machines. !?°” 


3.23.1 Prototype I (2001) 

As recorded in his April 2003 Ph.D. thesis, Suthakorn'?%” built 
his first simple prototype remote-controlled LEGO®-based robot 
in 2001 to demonstrate that it is mechanically feasible for a robot 
to produce a copy of itself. “Prototype 1” consisted of 7 subsystems: 
left motor, right motor, left wheel, right wheel, micro-controller 
receiver, manipulator wrist, and passive gripper (Figure 3.71(A)). 
Several passive fixtures were located in the assembly area to assist 
the robot in assembling its replica. The robot depends for its suc- 
cess on these external passive fixtures, which are not actuated but 
are manipulated by the replicator robot. The original robot is re- 
motely controlled to relocate its subsystems from a storage area to 
the assembly area, whereupon the original robot is guided to per- 
form the assembly process (Figure 3.71(B)) — a process 
Suthakorn'?%” describes as follows: 

“The original robot retrieves the left motor subsystem from the 
storage area and slides it into a motor assembling fixture (this fix- 
ture is designed to have a narrow slot so that when the motors are 
placed in it, they are forced to align with each other). The robot 
then moves the right motor subsystem from the storage area into 
the motor-assembling fixture. After both left and right motors are 
aligned in the fixture, the robot exerts pressure on the subsystems 
so that they snap together and form one piece. The original robot 
then manipulates the motor-assembling fixture so as to release the 
motor subsystem, which completes the first stage of assembling the 
subsystems. The robot then takes the motor subsystem and slides it 
into a wheel-assembling fixture which is designed to assist attach- 
ing the left and right wheels to the subsystem. After the wheels are 
successfully attached to the motor subsystem, the robot manipu- 
lates the wheel fixture to release the assembled part. The robot con- 
tinues to perform procedures similar to the previous steps to relo- 
cate parts and assemble them. This process leads to the completion 
of a replica (Figure 3.71(C)) of the original robot.” 


3.23.2 Remote-Controlled Self-Replicating Robots (2002) 

Chirikjian and Suthakorn!?**!? next describe several proto- 
types of self-replicating robotic systems that were developed by the 
undergraduate students and graduate student Yu Zhou during a 
one-semester mechatronics course taught in the Spring of 2002 at 
JHU. The students were divided into eight groups to explore de- 
signs and implementations of the concept of self-replicating robotic 
systems. The goal of the course was for each group of students to 
design a robot with the ability to create an exact functioning replica 
of itself, starting from a complete set of components or subsystems. 
A set of rules was established to motivate students to minimize the 
complexity of each individual subsystem while maximizing the num- 
ber of subsystems in their designs. The use of LEGO® Mindstorm 
kits and additional LEGO® parts reduced building time in order to 
allow students to invest more time in designing and testing the pro- 
totypes, and the robots were remote-controlled (teleoperated) rather 
than autonomous so students could focus on the mechanical issues 
involved in the design of self-replicating systems. All experiments 
were conducted in an arena made of wood sheets 1 m? in area with 
walls 30 cm high. The four most distinctive prototypes for 
self-replicating robotic systems included: 
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Figure 3.71. LEGO®-based teleoperated kinematic replicator: Prototype 1. (A) Prototype 1, an unassembled set of the replica’s components, 
and environmental fixtures. (B) Prototype 1 undergoes self-replication via teleoperation and external fixtures. (C) Prototype 1 and its 
completed replica. (courtesy of Jackrit Suthakorn and Gregory Chirikjian, Johns Hopkins University!**”) 
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Robot 1: Fixture-Based Design. The first example consists of 
five subsystems (left part, right part, bumper, controller, and con- 
nector). Two fixtures are used: a ramp with a constrained shape 
which is fitted to the controller and the connector; and a tunnel-like 
cave with an attached wedge on the ceiling used to physically force 
the connector in place (Figure 3.72). 
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Figure 3.72. LEGO®-based 
teleoperated kinematic 
replicator: Robot 1 (courtesy 
of Chirikjian group, Johns 
Hopkins University) .!?°° (A) 
Exploded view of Robot 1. 
Student design team: Jim 
Bankard, Oprema Ganesan, 
Oleg Gerovichev, Masaya 
Kitagawa. Teaching Assis- 
tants: Jackrit Suthakorn, Yu 
Zhou. (B) Self-replicating pro- 
cess of Robot 1. The process 
begins with the original robot 
dragging the right part (which 
consists of half of the chassis, 
the right wheel and the right 
motor) to a wall. Then the left 
part (which consists of half of 
the chassis, the left wheel and 
the left motor) is pushed to con- 
nect with this right part. The 
left and right parts of the rep- 
lica are securely merged by add- 
ing the bumper which has in- 
terlocks to both subsystems. 
The combined subsystems are 
moved and oriented to a de- 
sired position and orientation 
next to the ramp. The original 
robot then pushes the control- 
ler up to the ramp, and gently 
drops and inserts the control- 
ler on the top of the previous 
combination of subsystems. 
Note that the ramp has a con- 
strained shape to force both 
controller and connector to be 
in their places. The connector 
is fixed in its place in the same 
fashion. The last step is to 
physically force the connector 
to be in contact with the con- 
troller by pushing the replica 
in the tunnel-like area with a 
wedge on the ceiling. This will 
force the connector to be in 
place. After pushing the rep- 
lica several times, the electronic 
connectors on the replica fi- 
nally make contact. The rep- 
lica is able to operate in the 
same way as the original does. 


Robot 2: Single-Robot-Without-Fixture Design. Robot 2 has 
five subsystems (left wheel system, right wheel system, left cradle, 
right cradle, and controller). The original robot has a pair of prongs 
in the front part to manipulate components and the unfinished rep- 
lica, and uses the rear part to push the subsystems to the wall in 
order to compress the subsystems together (Figure 3.73). 
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Figure 3.73. LEGO®-based teleoperated kinematic replicator: Robot 2 (courtesy of Chirikjian group, Johns Hopkins University).!?*° (A) 
Exploded view of Robot 2. Student design team: Tabish Mustafa, Omar Rivera, Mark Sorensen, Brian Weineler. Teaching Assistants: Jackrit 
Suthakorn, Yu Zhou. (B) Self-replicating process of Robot 2. The process begins with the original using its prongs to move the controller to 
a wall. Then the robot brings one side of the cradles to insert into the slot under the controller, and pushes both parts to the wall. The first two 
subsystems are then connected. The other cradle is combined with the previously combined subsystems in the same way. The left and right wheel 
systems are then manipulated, and combined to the previously connected subsystems in a similar fashion. The replica is then able to operate. 


Robot 3: Another Fixture-Based Design. This robot consists 
of three subsystems: the controller; the drive system; and the cage. 
The cage has a hinge that allows the top part of the cage to open 
and close to cover the wheel system and controller. The electronic 
connectors are attached on the top part of the cage. A passive dual 
linkage is hanging to assist in opening the cage (Figure 3.74). 


Robot 4: Operating Subsystems Assist in the Replication Pro- 
cess. In this design a subsystem is able to operate before finishing 
the replication process, and hence can assist in the assembly of the 
complete replica. Robot 4 (Figure 3.75) consists of the controller, 
the left thread (a long wire with electronic connectors), the right 
thread, and the gripper subsystem. 
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Figure 3.74. LEGO®-based teleoperated kinematic replicator: Robot 3 (courtesy of Chirikjian group, Johns Hopkins University).!7°° (A) 
Exploded view of Robot 3. Student design team: James Del Monaco, Paul Stemniski, Sten-Ove Tullbery, Jason Wachs, Chris Wong. 
Teaching Assistants: Jackrit Suthakorn, Yu Zhou. (B) Self-replicating process of Robot 3. The process begins with the original robot pushing 
the cage to hook with the passive linkage, and then the top part of the cage is opened. The original robot then inserts the drive system and 
controller into the cage, respectively. The combined but unlocked subsystems are pushed to the wall. Because of the design of the top part 
of the cage, which is a curved shape, the original robot pushes the cage and the other two subsystems to the wall, and the cage is automatically 


closed. The replica is then completed. 


The authors!*® concluded: “The study of self-replicating ro- 
bots is an interesting research area which has not been extensively 
pursued in recent years. A number of self-replicating robot designs 
were presented here. The different designs devised by our students 


has helped us to identify new research problems, and to categorize 
self-replicating robots. Many challenging issues remain. Our future 
work will be to develop truly autonomous!?”! (rather than 
remote-controlled) self-replicating robots.” 
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Figure 3.75. LEGO®-based teleoperated kinematic replicator: Robot 4 (courtesy of Chirikjian group, Johns Hopkins University).!?° (A) 
Exploded view of Robot 4. Student design team: Jonathan Lim, Tak Liong, Daniel Moon, Jon Tang, Vincent Wu. Teaching Assistants: 
Jackrit Suthakorn, Yu Zhou. (B) Self-replicating process of Robot 4. The process begins when the original robot uses the gripper to carry 
the electronic connector (attached to the long wire) to the side of the controller. Then, the original robot uses the gripper to grasp and join 
the electronic connector to the controller. Once finished joining the electronic connector, the left thread, connected to the end of the wire, 
is now functioning. A human user is now able to control this subsystem. The original robot still continues moving subsystems next to each 
other for the next steps. The functioning subsystem is controlled to move to a convenient location for combining other subsystems. Once 
the left and right threads are aligned, the original robot uses the gripper to compress and join their connectors. The gripper subsystem is 
a big part. From its structure the gripper is able to slide to the top of the combined left and right threads after the functioning threads are 
driven into a side of the gripper subsystem. Then, the original robot helps tightening the connectors. The replica is now in a fully stable 
and operational status. 
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3.23.3 Semi-Autonomous Self-Replicating Robot (2002) 

Following the Spring 2002 mechatronics course experiments (Sec- 
tion 3.23.2), Suthakorn’s third project was to design and build a 
self-replicating system in the manner of a robotic factory.'?8”"!788 
The system consisted of an original robot, subsystems of three 
fixed-position assembly stations (the factory), and finally a set of 
complex parts from which replicas of the original robot are as- 
sembled. By following painted lines on a 3.75 meter x 3 meter work 
surface, the robot could move autonomously from station to sta- 
tion along the lines without any human guidance, while still being 
remotely controlled at each station by a human operator, hence the 
system is aptly described as semi-autonomous. Feedback sensors were 
incorporated in each assembly station to automatically activate their 
functions. 

The author gives an explicit step-by-step replication procedure 
for the “robot factory”.'78” At Station 1 (Chassis Assembly), there is 
an 8-step procedure; at Station 2 (Motor and Track Assembly), a 
12-step procedure; and at Station 3 (Gripper Assembly), a 4-step 
operational procedure, e.g.,: 


1. Ascend backwards on the ramp. 
2. Turn 180° on the top of the ramp and dock into position. 


3. Operate lift down until gripper slides into the front of the origi- 
nal robot. 


4, Descend backwards on the ramp. 


The entire self-replication procedure “was conducted several times 
[and was] generally successful with some disparity of completion 
time (ranging from 45-75 minutes); however, there were some tech- 
nical errors, such as battery failure.” Several workcells were needed 
to assist the original robot in the replication process because the 
robot could not directly build its replicas. Each workcell served as a 
station in this factory-like replicating system, providing an example 
of an “indirectly replicating” robot (Section 5.1.8). An AVI video 


clip is available online. !29? 


3.23.4 Suthakorn-Cushing-Chirikjian Autonomous 
Replicator (2002-2003) 

Suthakorn’s fourth and final project presented here was to de- 
sign and build a fully autonomous self-replicating robotic sys- 
tem. !*87:!?89 This work took place under the direction of professor 
Gregory Chirikjian; also, Andrew Cushing, a local high school stu- 
dent, assisted in the building of the device. The robot and its repli- 
cas each consist of four separate complex parts or “subsystems”: con- 
troller, left tread, right tread, and gripper/sensor components (Fig- 
ure 3.76(A)). The prototype device used two light sensors to detect 
objects and track lines (blue-painted lines and silver spots) for navi- 
gation on the 2 meter x 3 meter work surface. Magnets and 
shape-constraining blocks helped to align and interlock the com- 
plex parts during replication (Figure 3.76(B)). 

The replica’s parts are prepositioned at known locations and the 
original robot starts at the initial position (Figure 3.76(C)). The 
explicit replication procedure is worth quoting verbatim from 


Suthakorn'* in its entirety: 


1. The original robot starts following the line from the starting 
point to the first subsystem (the “right tread” complex part) 
using sensor No. 1. 


2. Once light sensor No. 2 detects the first subsystem (right tread), 
the original robot stops and begins the grasping process, then 
grasps the right tread subsystem. 


3. After the grippers are closed, the original robot will turn to the 
right until it detects a line. 
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4, The original robot will follow the second line until it reaches 
the assembling spot. 


5. When light sensor No. 1 on the original robot detects the silver 
acrylic spot (the assembling spot), the robot will stop and begin 
the attaching process. 


6. The original robot opens the grippers and gives a final push to 
secure the right tread subsystem (of the replica) to the control- 
ler subsystem (of the replica). 


7. The original robot then backs up and turns to the left until it 
detects a line value on sensor No. 1. 


8. The original robot follows the line until it reaches the left tread 
subsystem. 


9. Once light sensor No. 2 detects the second subsystem, the ro- 
bot will stop, and begin the grasping process by closing its grip- 
per around the left tread’s wedge. 


10. The original robot turns right until it detects the next line. 


11. The original robot will follow the second line until it reaches 
the assembling spot. 


12. Once the original robot reaches the assembling spot, it begins 
the attaching process. 


13. The original robot opens its gripper to release the left tread 
subsystem. 


14. The original robot gives a final push on the left tread subsystem 
to help secure it. 


15. The original robot then backs up and turns left until it detects 
the next line, using sensor No. 1. 


16. The original robot follows the line to the final subsystem. 


17. Once it reaches the gripper/sensor subsystem, it will stop and 
begin the grasping process. 


18. The original robot closes its gripper and turns right until it de- 
tects a line value with sensor No. 1 (Figure 3.76(D)). 


19. The gripper/sensor subsystem is now transferred to the assem- 
bling spot. 

20. Once the original robot reaches the assembling spot it will stop 
and open the gripper. 


21. The original robot backs up and turns left until sensor No. 1 is 
a line value. 


22. The original robot then follows the line back to the starting 
point and is ready to replicate the next replica system. 


23. The finished replica robot self-activates 20 seconds after comple- 
tion and begins following the line to the starting point. 


24. Once each robot reaches the starting point, it begins the repli- 
cation procedure again. 


Following this cookbook-like procedure, the original robot was 
capable of automatically assembling its replicas. The replication 
process took 135 seconds per cycle. While each of the four complex 
parts had to be placed in known locations, “the errors of position- 
ing and orientation are not highly critical. We found slight errors 
during the grasping process in a few experiments (out of more than 
20 trials) caused by improper placement of the subsystems. Overall, 
the system is robust and repeatable.” An AVI video clip is available 
online.!?% 

In future work, Suthakorn planned “to build a self-replicating 
intelligence system’??? such as a circuit controller and a mechani- 
cal decoder. This would fill the missing part of the self-replicating 
robotics research. However, our ultimate goal is to develop a 
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Figure 3.76. LEGO® -based fully-autonomous kinematic replicator. 
(A) Exploded view of the four complex components comprising the 
Suthakorn autonomous replicator. (B) Connections between con- 
troller and tread subsystems. (C) Layout of the experimental area. 
(D) Robot searches for the assembling spot while holding the replica’s 
gtipper/sensor part. (courtesy of Jackrit Suthakorn and Gregory 
Chirikjian, Johns Hopkins University'**”) 


self-replicating robotic system capable of autonomously assem- 
bling its replicas from simple components using only electrome- 
chanical intelligence, i.e., a mechanical code and transistor-based 
control circuits. This eliminates complicated electronic compo- 
nents such as programmable micro-controllers, and makes the 
concept more appropriate for future space systems that can use 
in-situ resources for self-replication.”!?*” Pursuing this objective, 
the syllabus for the Spring 2003 mechatronics course*” at the JHU 
Department of Mechanical Engineering, called “the intelligence 
of self-replicating robots,” is described as follows: 


This course is a hands-on, interdisciplinary design project, in which 
juniors, seniors, and graduate students from all engineering disciplines 
work together to design, build, and debug robots. This year we continue 
the exploration of self-replicating robots. Last year, each group built a 
remote-controlled self-replicating robot. This year our goal is to build 
autonomous self-replicating electromechanical intelligences. Each group 
will build a robot consisting of an arm, a control circuit for the arm, 
and a machine code program to control the arm, among which the 
circuit and the code should be replicable. The objective is that the arm 
should be able to implement the same function as before, afier being 
connected to the resulting new circuit and code. The whole system will 
be built by using LEGO kits. Students are required to build their own 
logic control circuits which are made up of LEGO pieces embedded 
with electronic components, such as transistors, resistors, and capact- 
tors. The “program” will also be built with LEGO pieces, and should 
consist of at least 10 bits but not more than 100 bits. Presentation will 
be within the week from May 5 to 9, 2003. 


Interestingly, Suthakorn’s autonomous replicator passed the “fer- 
tility test” recommended by the RSC Team of the 1980 NASA lu- 
nar replicator study” for their replication feasibility demonstration 
(Section 3.13.1): “All the replicas were also capable of completing 
the same replicating process,” says Suthakorn.'*8” “We believe that 
this prototype was the world’s first fully functional autonomous 
self-replicating robot.” 


3.24 Chirikjian Self-Replicating Lunar Factory Concept 
(2002) 

Following in the tradition of the 1980 NASA study of self-repli- 
cating lunar factories (Section 3.13), Gregory Chirikjian et al?®° at 
Johns Hopkins University has further examined the utility and imple- 
mentation of such missions, which could produce both energy and 
materials on the moon. Notes Chirikjian: “When self-replicating 
robotic factories take hold, the moon will be transformed into an 
industrial dynamo. The resulting refined materials and energy that 
will be produced on the moon will then provide capabilities for the 
exploration and colonization of space that could never exist other- 
wise. But the moon’s resources cannot be exploited in a practical 
way by directly launching massive production facilities there. Hence, 
self-replicating systems are essential. 

“In self-replicating systems, one or more functional robots as- 
semble copies of themselves. The replicas may then act together as a 
swarm, or not. The [research] goal is modest: Design a simple 
self-replicating robot that (perhaps in collaboration with other ro- 
bots of the same kind) will assemble a replica of itself from rigid 
components with geometric features that can be produced by cast- 
ing molten material in a mold. While this method of component 
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Figure 3.77. Architecture for self-replication. (courtesy of Chirikjian group,”*’ © 2002 IEEE) 


manufacturing is not the only one, it is easy to imagine that cast- 
ings can be used to make new molds, and the new molds can in 
turn make new castings. Hence, this method of component pro- 
duction lends itself to overall system self-replication. In contrast, 
another manufacturing technique such as laser sintering could be 
imagined, but this would require the ability to reproduce a laser. 
No such need exists for casting.” This is a departure from Freitas’ 
NASA design (Section 3.13.2.2) which included both casting and 
laser sintering in the parts fabrication subsystem. 

The overall architecture for Chirikjian’s self-replicating lunar fac- 
tory is shown in Figure 3.77; an artist’s conception of the factory 
(Figure 3.78) is reminiscent of the earlier NASA work (Figure 3.49). 
There are four key subsystems in the Chirikjian lunar factory:?*° 


1. Multifunctional Robots. These robots can assemble copies of 
themselves given a complete set of unassembled parts. Each robot 
may consist of a mobile platform as a base with attached manipu- 
lation devices, and will not only assemble replicas of themselves 
but also can be used to assemble the other three subsystems from 
their components. The addition of a suite of tool fixtures allows 
these robots also to be used for mining and local transportation of 
materials and components between subsystems within the ~1 km 
region of the lunar surface occupied by one factory site. 


2. Materials Refining and Casting Facility. This subsystem takes 
in the strip-mined lunar regolith, melts it using power produced 
by the energy subsystem, and separates oxygen from the silicon, 
aluminum, and iron oxides that are plentiful in the regolith. 
These molten materials are then separated and fed into molds 
formed from sintered regolith. The resulting castings serve as 
components of new copies of all four subsystems. 


3. Solar Energy Conversion, Storage and Transmission. The lu- 
nar factory uses both photovoltaic cells and solar radiation re- 
flected and concentrated by mirrors. Photovoltaic cells power 
the robots, the rail gun subsystem, and also the electrolytic sepa- 
ration of elemental metals from oxides in the materials refining 
facility. Since the energy generated by one factory will be far in 
excess of the power requirements of the factory's own self repli- 
cation needs, so the excess energy could be transmitted to 
low-earth-orbiting satellites using microwaves. Energy storage 
is provided by fuel cells assuming sufficient water or elemental 
hydrogen exists, or by other alternatives. 


Figure 3.78. Depiction of the functioning lunar self-replicating fac- 
tory. (courtesy of Chirikjian group,?*? © 2002 IEEE) 
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4, Electromagnetic Rail Guns. A novel aspect of this design pro- 
posal is the use of integral railguns for long-distance transporta- 
tion of daughter factories to distant points on the moon, or for 
sending materials to low Earth orbit (LEO). In this concept, 
when a replica is ready to be transported to a new location, all 
of its subsystems are packed into an iron casing, accelerated like 
a bullet train and shot ballistically like a cannon ball, eventually 
falling to ground at its new location. Since a railgun can consist 
of many identical units, and since the gun is not required to 
manufacture the replica, there is no need to send a whole railgun 
to the moon. Only one section of the railgun need be sent, and 
from this section a mold can be made which can then be repli- 
cated to construct the full railgun. A mathematical model of 
the proliferation of self-replicating robotic factories across the 
lunar surface suggests that railgun pointing errors can influence 
the evolution of factory locations but that over time, the prob- 
ability distribution converges to a uniform distribution more 
quickly for railguns with noisier pointing accuracies. 


3.25 NIAC Phase I Studies on Self-Replicating Systems 
(2002-2004) 

The NASA Institute for Advanced Concepts (NIAC) is a re- 
search institute within the Universities Space Research Association 
(USRA).!?°4 USRA is a private nonprofit corporation, charged with 
the “development of knowledge associated with space science and 
technology” under the auspices of the National Academy of Sci- 
ences, that includes 84 universities and research institutes in the 
United States, two member institutions in Canada, two in England, 
and two in Israel. NIAC’s charter is to focus on grand, revolution- 
ary, longer-term concepts for architectures and systems potentially 
useful in space science and technology. 

In recent years, four NIAC grants, summarized below, have been 
awarded to researchers who are studying kinematic self-replicating 
machines. As these words are written, the latter three of the four 
studies are still in progress. 


3.25.1 Lipson Self-Extending Machines (2002) 

Following in the tradition of the 1980 NASA replicator study 
which adopted 100% materials closure as its goal (Section 3.13), 
Hod Lipson at Cornell University was awarded a Phase I NIAC 
contract to study “Autonomous Self-Extending Machines for Ac- 
celerating Space Exploration’ during 1 May 2002 through 31 Oc- 
tober 2002.!??*!°° This work expanded an earlier discussion by 
Lipson and Pollack””’ of the “self-extending machines” concept, 
wherein robots evolve from basic building blocks using rapid manu- 
facturing technologies. 

According to the study abstract: “The rate at which we ex- 
plore planets is tightly linked with the rate at which we are 
able to successfully complete robot deployment cycles. Judg- 
ing from past experiences of Mars and Lunar explorations, the 
design-fabricate-test-deploy cycle takes an order of a few years to 
complete at least. The approach advocated here shifts the focus from 
designing and launching the ultimately capable and robust robot, 
to launching a fabrication system that can fabricate and recycle 
task-specific robots in the field, as well as extend its own capabili- 
ties. In this vision, a self-contained fabrication facility is launched 
with initial material and component stock. Tested blueprints are 
transmitted subsequently for fabrication on site, as appropriate to 
exploration state and findings. Materials and components recycled 
from the original spacecraft, unused robots and in-situ resources of 
energy and material are used to construct newer machines as re- 
quired. The focus of this proposal is on the architecture of a 100% 
automatic, self-contained and versatile fabrication process, capable 
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of autonomously producing an entire working machine with no 
human intervention. This proposal is well grounded in the physics 
of new multi-functional materials and free-form fabrication, yet the 
focus on fully autonomous fabrication of complete systems is a 
uniquely new and enabling challenge that has not been addressed 
before. This phase will deliver two parts: (a) an architecture of a 
fully autonomous deployable self-extending machine, along with a 
comprehensive study of required functionalities and candidate ma- 
terials and components, and (b) an evaluation of the architecture 
through a limited concept implementation. The goal is to allow an 
informed assessment of the merits of this approach, and decision as 
to pursuing a second phase of investigation validating fully autono- 
mous fabrication of complete working robots involving actuation, 
sensing and logic. This research will help NASA achieve its goal of 
completing missions more frequently, less expensively, and with 
greater flexibility.” 


3.25.2 Chirikjian Self-Replicating Lunar Factories 
(2003-2004) 

As a continuation of the work described in Section 3.24, Gre- 
gory Chirikjian at Johns Hopkins University was awarded a Phase I 
NIAC contract to study “Architecture for Unmanned Self-Repli- 
cating Lunar Factories” during 1 October 2003 through 31 March 
2004.17” 

According to the study abstract: “The goal of this proposal is to 
analyze the feasibility of a fully automated robotic factory system 
for the development of lunar resources, and the transportation of 
those resources to low-Earth orbit. The key issue that will deter- 
mine the feasibility of this approach is whether or not an autono- 
mous robotic factory can be devised such that it is small enough to 
be transported to the moon, yet complete in its ability to self-repli- 
cate with no other inputs than what is available on the lunar sur- 
face. Self-replication leads to exponential growth, and would allow 
as few as one initial factory to spawn lunar production of materials 
and energy on a massive scale. Such capacity would dramatically 
impact man’s ability to explore and colonize space, as well as to 
deliver hydrogen and oxygen to fuel the fledgling industries that 
will develop in low-Earth orbit over the next few decades. 

“Our architecture for a self-replicating robotic factory system 
consisted of five subsystems: (1) multi-functional robots for dig- 
ging and transportation of materials, and assembly of components 
during the replication process; (2) materials refining plant; (3) parts 
manufacturing facility; (4) solar energy conversion, storage and trans- 
mission; (5) electromagnetic guns for long-distance transportation 
(e.g., for sending materials to low-Earth orbit, or transporting rep- 
licated factories to distal points on the moon). We envision that a 
fully functional lunar factory site will occupy approximately one 
square kilometer. However, the precursor that is launched from the 
earth will be a minimalist system consisting only of two robots, a 
small furnace, molds, mirrors and solar panels and weighing be- 
tween five and ten metric tons. The full self-replicating robotic fac- 
tory will be constructed under remote control from the earth using 
the precursor system.” 

After the Phase I study was completed in March 2004, the Final 
Report!*”” concluded: “The key issue to determine the feasibility of 
this approach in the NIAC time frame was whether or not comple- 
mentary technologies expected over the next 10 to 40 years would 
exist for an autonomous robotic factory to function. In particular, 
it was not clear a priori whether such a system could be devised 
such that it would be small enough to be transported to the moon, 
yet complete in its ability to self-replicate with little input other 
than what is available on the lunar surface. Minimalist systems which 
can be launched at low cost, harvest lunar resources, and bootstrap 
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up to a substantial production capability are appealing. Self-repli- 
cation leads to exponential growth, and would allow as few as one 
initial factory to spawn lunar production of materials and energy 
on a massive scale. Such capacity would dramatically impact man’s 
ability to explore and colonize space, as well as to deliver hydrogen 
and oxygen to fuel interplanetary spacecraft and the fledgling in- 
dustries that will develop in space over the next few decades. This 
report has shown using a combination of prototype implementa- 
tions, analysis, and literature survey that self-replicating lunar fac- 
tories do in fact appear to be feasible. A road map for the novel 
recombination and integration of existing technologies and systems 
into an architecture that can be implemented in the next ten to 
forty years is provided. 

“Many technological hurtles must be overcome before self-repli- 
cating robots can become a reality, and current knowledge from 
many diverse disciplines must be recombined in new ways. In this 
Phase I feasibility study we examined what lunar resources can be 
exploited, and investigated “toy” designs for robots with the ability 
to self-replicate. To this end, we examined how each subsystem of a 
robotic factory (motors, electronic components, structural elements, 
etc.) can be constructed from lunar materials, and demonstrated 
these ideas in hardware. We did this at several levels. For example, 
robots that assemble exact functional copies of themselves from 
pre-assembled subsystems were demonstrated. The feasibility of as- 
sembling an actuator from castable shapes of structural material and 
molten metal was demonstrated with proxy materials. The assem- 
bly of simple self-replicating computers made of individual logic 
gates was demonstrated. A strategy was developed for how the lunar 
regolith can be separated into ferrous, nonferrous conducting, and 
insulating materials in the absence of water was studied and par- 
tially demonstrated. In addition, the energy resources available at 
the lunar surface were evaluated, means for using this energy were 
developed, and the energetic requirements of various subsystems 
were computed. Our conclusion is that the proposed system archi- 
tecture indeed appears to be feasible provided certain existing tech- 
nologies can be integrated in new ways.” 

The control systems for the mobile lunar robots are to be con- 
structed using electromechanical relays and vacuum tubes, provid- 
ing simple (though bulky) electronic logic circuits that are readily 
fabricated using lunar materials. As a preliminary demonstration, 
Chirikjian’s group has built several exemplar “self-replicating cir- 
cuits” using transistors embedded in LEGO® blocks.” 74! In one 
case,”*“° the physical implementation consisted of a robotic system 
and a conveyor belt system for replicating its code and circuit, plus 
the initial code and the circuit to be replicated. During replication, 
“a conveyor belt feeds the code one line at a time to the reader array. 
The array then sends the code signal to the control circuit. The 
signal is decoded as any of seven robot arm or position movements. 
The robot then carries out the movement command. The commands 
would tell it to go to one of three feeder positions, pick up the items 
at that position, move to the assembly line, and drop the items into 
place. The next set of codes is then fed to the readers, and the pro- 
cess would repeat.” 


3.25.3 Todd Robotic Lunar Ecopoiesis (2003-2004) 

Paul Todd at Space Hardware Optimization Technology 
(SHOT), Inc. was awarded a Phase I NIAC contract to study “Ro- 
botic Lunar Ecopoiesis” during 1 October 2003 through 31 March 
2004.!?°8 The proposal illustrates a biological approach to kine- 
matic replication. 

According to the study abstract: “The long-term concept is 
to let a living ecosystem create itself in an engineered dome on 
the Moon under controlled Mars-like conditions. Under robotic 
control, a community of organisms creates its own environment 
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that is no longer hostile to living things. For example, the energy to 
self-construct the bubble is initially obtained from fuel cells that 
also produce the water that the enclosed system will use to moisten 
the regolith. Initially, robotically controlled bottled gases will con- 
trol the internal pressure at 1.0-1.5 kPa, heat from the Sun will be 
controlled by radiators initially actively positioned by photovoltaic 
electric motors or solar-powered Stirling engines. Then chemoau- 
totrophic microorganisms gain energy from the lunar regolith pro- 
ducing organic matter for fungi, which produce CO; for algae, which 
will produce O2 for some simple invertebrate animals. This would 
be a precursor to terraforming studies (fairly controversial) for Mars, 
but accessible and controllable owing to the relative proximity of 
the Moon. This approach differs from the Closed Environment Life 
Support Systems (CELSS) approach in that the Ecopoiesis Test Bed 
is an architecture that causes the environment to evolve on its own, 
starting with water and nitrogen and spores or inactive cells of ap- 
propriate prokaryotes, seeds, and eggs of organisms that eventually 
occupy the module. Experimental ecopoiesis is a new field, so ex- 
periments will begin in the laboratory and evolve to ISS (Interna- 
tional Space Station) in at least three phases before a lunar module 
is considered. A gradual, stepwise multi-year approach is proposed, 
in which Phase I is a feasibility study, Phase I consists of laboratory 
experiments and spaceflight planning, and Phase II] is a multi-in- 
stitution undertaking of indefinite duration culminating with a ro- 
botic lunar ecopoiesis laboratory. 


3.25.4 Toth-Fejel Kinematic Cellular Automata 
(2003-2004) 

Building on his KCA concepts described in Section 3.8, Tihamer 
Toth-Fejel at General Dynamics Advanced Information Systems was 
awarded a Phase I NIAC contract to study “Modeling Kinematic 
Cellular Automata: An Approach to Self-Replication” during 1 
October 2003 through 31 March 2004.!°” 

According to the abstract of the original proposal, the study will 
“design a useful Self-Replicating System (SRS). As shown by NASA's 
summer study Advanced Automation for Space Missions” and other 
smaller studies, the development of dynamically reconfigurable SRSs 
that implement Universal Constructors can revolutionize future 
space missions. For example, a self-replicating lunar factory could 
build solar cells and other manufactured tools with which to ex- 
plore and develop the Moon with exponential growth. But despite 
the fact that these studies showed the tremendous power of ma- 
chine self-replication, there have been no serious attempts to fur- 
ther the field. However, two recent small efforts (Sections 3.18 and 
3.23) have resulted in some success. We propose to build upon one 
of those successes by designing a system of Kinematic Cellular Au- 
tomata (KCA) cells that are configured as a limited implementation 
of a Universal Constructor. The trivial self-replication is easy, but 
the final goal of autotrophic self-replication is certain to be extremely 
difficult. So there is a huge unexplored area between these two ex- 
tremes, and we believe that an iterative approach of gradually mov- 
ing complexity out of the environment and into the cell is the best 
chance at characterizing it.” 

“[The work will] start by simulating a trivial self-replication pro- 
cess in a 3-D world that is as simple as possible — a KCA in a 
moving gantry/arm configuration placed in an environment full of 
inert cells (the zero-complexity scenario). After this testbed simula- 
tion confirms the KCA reconfiguration algorithms, the one-com- 
plexity scenario will start with each inert cell divided in half, and 
the gantry/arm KCA will assemble these subcomponents into com- 
plete KCAs before reconfiguring them into another KCA. After suc- 
cessfully developing the algorithms necessary, the dividing iteration 
will be repeated for the two-complexity scenario. The idea is to move 
the complexity out of the environment and into the cell, ultimately 
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towards a system that requires only feedstock molecules, energy, 
and information to build copies of itself and any of a wide variety of 
other products. As a bonus, developing each successful scenario will 
result in both hardware designs of useful modular robots and the 
control algorithms that run them.” 

According to the Final Report,'?”? Toth-Fejel’s analysis showed 
that the complexity ofa useful KCA replicator can be less than that of 
a Pentium IV microprocessor. For instance, the helical stacking of 
passive domino-shaped alternating bricks of metal and insulator ma- 
terial yields an astonishingly simple and robust design for an electro- 
mechanical solenoid actuator that would seem to require very little 
manufacturing sophistication to fabricate. The study also developed 
a reasonable hierarchy for a practical replicator system including a 
workable preliminary design that could be applied at macro, micro, 
and nano scales. In this view, a KCA replicating system is a hierarchy 
consisting of subsystems which are made up of Cells (Figure 3.79), 
which are made up of Facets, which are made up of Parts, which are 
made up of self-assembled Subparts — and at the bottom, everything 
is made of molecules. During replication the system assembles simple 
inert parts into symmetrical facets that form modular dynamic cells 
that are configured as Connector, Transporter, and Controller sub- 
systems to make up a Self-Replicating System (SRS). 

Toth-Fejel’s Transporter subsystem design consists of less than 
12 cells, two of which grab parts, one at a time, and three on the 
bottom which actually move the subsystem around on a “base plane” 
of about 50 cells. The Connector subsystem serves to connect Parts 
— while each Transporter is composed of 12 cells that moves one 
part around, a Connector contains a Transporter for each part that 
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Figure 3.79. KCA unit cell with some tabs and sensors. (image 
courtesy of Tihamer Toth-Fejel'*””) 


it connects, plus one Transporter for each preparation tool. For the 
Controller subsystem, Configurable Logic Blocks (of which 120 
are needed to implement the tiny 8-bit PicoBlaze processor) are 
employed that are functionally identical to those in existing imple- 
mentations of Field Programmable Gate Arrays (FPGAs), thus al- 
lowing the use of commercially available VHDL (VLSI Hardware 
Description Language) interpreters that can automatically specify 
the necessary connections be- 
tween the CLBs, and also allow- 
ing the use of other existing soft 
processor peripherals which 
means that the software for a 
large class of Utility Fog (Section 
3.8) configurations already ex- 
ists. The study focused much at- 
tention on achieving closure at 
a digital information level. For 
instance, a design for a simple 
op-amp consists of a mosaic of 
50 Wang tiles of 11 different tile 
types, each tile a very simple and 
easily-manufactured cell having 
the functionality of, for example, 
a wire and transistor; a similarly 
designed NAND gate is an 
array of 42 Wang tiles of 8 dif- 
ferent tile types (Figure 3.80). 

Dozens of specific control- 
i : sequence subroutines, listed in 
A oF Beware an Appendix A of the Final Re- 
i i port,'*?? were written to simu- 
late (and visualize) one com- 
plete assembly operation using 
a Transporter and Connector 


Figure 3.80. Wang-tile imple- 
mentations of an op-amp (left) 
and a NAND gate (right), us- 
ing KCA cells configured as elec- 
tronic wire/transistor compo- 
nents. (images courtesy of 
Tihamer Toth-Fejel!?”’) 


(NAND gate) 
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(Figure 3.81). Noted Toth-Fejel:!*?? Only a small number of [these 
subroutines] needed to be implemented in MaxScript to simulate 
an assembly process. Surprisingly few subroutines were necessary to 
code this simulation. Hundreds of steps very similar to this assem- 
bly step would be necessary to build a single modular cell. 

One of the authors of this book (Freitas) served as a technical 
consultant for this study, along with Matt Moses as the second 
consultant. 


3.26 Robosphere Self-Sustaining Robotic Ecologies 
(2002-2004) 

In November 2002, Silvano P. Colombano, a computer scien- 
tist at NASA/Ames Research Center, organized the first workshop 
on self-sustaining robotic ecologies called “Robosphere 2002” (Fig- 
ure 3.82),!°° with a second workshop scheduled for November 
2004'°°' and longer-term plans for a facility (Robosphere1) for 
experimentation on self-sustaining robotic activities and a virtual 
Robosphere environment (VRobosphere) for simulations at NASA. 
The stated purpose of the Robosphere effort is to “explore the 
possibility of long term or continuous robotic presence on plan- 
etary surfaces and in space, in order to increase scientific returns, 
decrease exploration costs and greatly decrease any chances of 
mission failures. The underlying notion is that of self-sustaining 
robotic ecologies, where the continuous survival and exploration 
activities of robotic teams and colonies are dependent on the ex- 
change of matter, energy and information among robotic indi- 
viduals and ‘species’.” 

Topics discussed at the 2002 Robosphere workshop included: 


1. Small robotic teams capable of mutual repair (modular ro- 
botics; reconfigurable robotics; self-repair, recycling and 
self-replication); 


2. Robotics outposts (functional specialization; energy production; 
shelter construction (for robots); utilization/production of parts); 


3. Planetary robotic infrastructures (robotic “oases”; robotic “high- 
ways’; robotic “factories”; scientific exploration infrastructure; 
communications/networks); and 


4, Robotic colony autonomy (distributed planning and sched- 
uling; mixed-initiative planning; distributed execution moni- 
toring and diagnosis; self-organization and cooperative strat- 
egies; colony models from biology and ecology, swarms; ro- 
botic ecologies with different scales, from rovers to 
nanorobots). 


Papers were presented on self-replicating robots,””” robotic fab- 
rication'?” and robotic assembly,'*°? robotic ecologies, 13041305 
self-reconfiguring robots, '°°° and autonomous robotics. !7°713% 
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Figure 3.81. Two steps among 
many, ina lengthy parts assem- 
bly operation involving KCA 
cells on a base plane platform. 
(images courtesy of Tihamer 
Toth-Fejel'?””) 
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Figure 3.82. Robosphere 2002 workshop on self-sustaining robotic 
ecologies, courtesy of Silvano Colombano.!>”° 


3.27 Lozneanu-Sanduloviciu Plasma Cell Replicators 
(2003) 

According to a report from New Scientist, > Lozneanu and 
Sanduloviciu'?!° at Cuza University in Romania have created spheres 
of gaseous plasma that can grow, replicate and communicate, thus 
“fulfilling most of the traditional requirements for biological cells” 
although without inherited material they cannot be described as 
alive. The physicists studied environmental conditions similar to 
those that might have existed on the primordial Earth when the 
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planet was enveloped in electric storms that allowed ionized plas- 
mas to form in the atmosphere. Two electrodes were inserted into a 
chamber containing a low-temperature argon plasma of argon. Af- 
ter a high voltage was applied to the electrodes, the resultant electri- 
cal arc passing through the gap between the electrodes caused a high 
concentration of ions and electrons to accumulate at the positively 
charged electrode which spontaneously formed spheres having a 
boundary made up of two layers — an outer layer of negatively 
charged electrons and an inner layer of positively charged ions, with 
an inner nucleus of gas atoms trapped inside the boundary. The 
researchers grew spheres from a few microns up to three centime- 
ters in diameter, with the cell-like self-organization occurring in a 
few microseconds and the amount of energy in the initial spark 
governing cell size and lifespan. 

A distinct boundary layer that confines and separates an object 
from its environment is one of the main criteria customarily used to 
define living cells, so Lozneanu and Sanduloviciu examined whether 
their plasma cells could meet the other criteria for “life”, ie., the 
ability to replicate, to communicate information, and to metabo- 
lize and grow. They found that the spheres could replicate via bi- 
nary fission, and also could grow larger under the right conditions, 
taking up neutral argon atoms and splitting them into ions and 
electrons to replenish their boundary layers. Finally, the plasma cells 
could communicate information by emitting electromagnetic en- 
ergy, making the atoms within other spheres vibrate at a particular 
frequency. The plasma spheres are evidently the first “gaseous cell” 
self-organizing systems to meet all of these requirements. 

The possibility of self-replicating plasma balls and gas clouds 
has a long history in science fiction,'?'' and the idea of self-repli- 
cating stars”° in conventional astrophysics has already been men- 
tioned in Chapter 1. 


3.28 Griffith Mechanical Self-Replicating Strings 
(2003-2004) 

Saul Griffith '?!? (see also Section 4.1.5) is interested in the mini- 
mal logic required to exhibit physical self-replicating behavior, in 
the tradition of the Penrose block systems (Section 3.3). Griffith 
asserts that if the logical overhead is low enough, then self-replica- 
tion has potential in a manufacturing sense. Griffith further con- 
strains the problem to be addressed by requiring, first, that the 
self-replication should be arbitrary (i.e., the system can replicate a 
physical object of arbitrary complexity) and, second, that the repli- 
cated object should be able to conform to an arbitrary 2-dimen- 
sional or 3-dimensional geometry. Penrose completed his work at a 
time when state machines and the language to describe them were 
just being developed so it is not surprising that his description of 
his mechanisms offers no easily discernible blueprint for a more 
general logical design. The following material in this Section, de- 
scribing a physical realization of a simple but general-purpose KCA 
self-replicating system, is largely excerpted from research notes gen- 
erously shared with one of the authors (Freitas) by Griffith, 3! 

A key aspect of Griffith’s designs is the memory requirement for 
replication. If each part of an assembly must retain the entire code 
for the assembly, then each part must have a memory capacity ca- 
pable of storing that description. In biology, every cell does contain 
the entire code for the assembly, albeit at a coarser scale of assembly 
in the multi-tiered assembly design of biological entities, but at the 
subcellular level a different memory management scheme is used in 
which the “memory” is contained within the structure itself (ie., 
the code within the base pairs of DNA). This localized copying/ 
complementarity method can also be used in either 1-D (linear) or 
in 2-D (planar) nonbiological systems. A 1-D system will look very 
similar to DNA except that complementarity is not necessary and 
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we can template an exact copy, not a compliment; a 4-base system 
is not strictly necessary because a 2-base (binary) system is suffi- 
cient. A 2-D, or planar, system would look like a programmed or 
templated “plating” type system. The difficulty in plating-type rep- 
lication is in the termination signal, where the copy is to separate 
from the original to make way for a subsequent round of replica- 
tion. Griffith'?!” observes that a 3-D system is not amenable to this 
replication treatment because not all of the structure is available at 
the surface of the assembly and therefore some of the information 
within the structure would need to be transferred (and stored in 
memory) through outer layers of the assembly. He notes: “It may be 
stating the obvious, but this is probably why biological replicating 
systems use linear assemblies for replication that can subsequently 
fold into 3-D structures (or unfold for replication).” 

There are two ready approaches to basic replication, among oth- 
ers. In the first approach, the individual units of the assembly are 
state machines capable of selecting and copying similar units in a 
similar assembly. The biological analogy to this can be thought of as 
an RNAase-less RNA replication where the RNAase’s logical func- 
tion of selecting and adding base pairs is performed by state ma- 
chines within each base. In the second approach (more similar to 
biological systems), the logical machinery is the RNAase which as- 
sembles more basic units into a second RNAase, and so forth. These 
two approaches might be described as distributed logic replication 
and centralized logic replication. In the former, the logic require- 
ments are performed by cellular automaton-type nearest-neighbor 
interactions between the cells. In the latter, the copying assembly 
(or RNAase equivalent) is the central processor that reads and cop- 
ies the data tape. Griffith has concentrated his efforts on the dis- 
tributed logic replication approach, in an attempt to design the 
minimal logical units for a replicating system capable of replication 
of an arbitrarily complex structure containing an arbitrarily com- 
plex string of assembly instructions. To represent the data string, 
Griffith uses two types of components which can be similar logi- 
cally but must differ in some important way (e.g., shape selectivity) 
to enable subsequent processing. 

In his logic design for a parallel-replication 4-edge/3-neighbor 
system, Griffith uses a cellular automaton representation of the logi- 
cal requirement for a linear templating replication. The diagram in 
Figure 3.83 shows the physical process of the replication. Each in- 
dividual sub-unit or “cell” is represented as a box. A “1” represents 
an edge in an attractive state, attracting and binding random 
untethered cells. A “O” represents a neutral edge state where no bind- 
ing will occur. A line between two cells represents a tethered bond 
— tethered bonds occur at the junction between any two edges in 
the “1” attractive state, such as “1 1”. A free floating unit cell is 
always in the (0, 0, 0, 0) state. A “1” edge will attract a “0” edge but 
not bind it. A “1” edge will bind to another “1” edge. “0” edges 
neither attract nor bond. The first steps in the replication are num- 
bered from 1 to 10. Note that this system is replicating an original 


input string of 5 cells (in the upper row), but in fact scales to strings 
of arbitrary length. 

This mathematical representation employs the concept of cellu- 
lar automata (Sections 2.1.3, 2.2, and 3.8). The self-replicating wire 
(Figure 3.84, topmost) is first filled with the initial values of the 
cells. The wire has 4 rows: the first two rows represent the cells of 
the original programmed string and the last two rows represent the 
replicating string. The orientation of the states of the cells is differ- 
ent for the programmed string and for the replication string. This is 
mainly because communication-intensive edges of neighboring cells 
must be arranged close to each other in order to keep the bits of 
each rule to a minimum. (This is convenient when mechanically 
implementing this design, wherein the geometry of the cell tiling is 
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important in minimizing the number of states.) The topmost dia- 
gram in Figure 3.84 shows the actual orientation of the states of 
each cell — N stands for the state of the north edge, S for the state 
of the south edge, and so on. Notice that the division at the end of 
the replicating steps can be shown easily by simply dividing the 
wire horizontally in the middle: the top two rows will be the origi- 
nal programmed string and the bottom two will be the copied string. 
The quiescent space outside the wire is filled with 1’s. The updating 
of the wire itself is shown below. Each update is of one cycle, start- 
ing from the initial state. 

The effective rule table for Griffith’s replicating-string automa- 
ton is shown in Figure 3.85. Here, the “cycle” number refers back 
to each numbered image in Figure 3.84. There can be multiple logi- 
cal steps at each cycle. In this rule table, the central value (second 
row, third column) is the one that’s changing in relation to its 9 
neighbors (8 nearest neighbors and 1,2-distance neighbor to the 
left). This central value changes to the value indicated to the right 
of the arrow. While we typically conceive of a cellular automaton as 
a clocked updating of all cells at a regular interval, the scheme pre- 
sented here is a self-clocking or “asynchronous” cellular automaton. 
Physically, this means that in a replicating system such as the origi- 
nal input string, which is floating in a bath of loose unbound cells, 
the clocking and logical operations occur upon the binding of a cell 
to the replicating string. It is important to note that the copying 
proceeds from left to right, and that at any given moment in the 
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Figure 3.83. Cellular automaton 
representation of Griffith linear 
templating replication. (image 
courtesy of Saul Griffith!?!*) 


replication the replicating string is tethered to the input string by 
just a single bond at the site of the most recent cell addition. Note 
also that in cycle 8 the rules start to repeat. This is because the 
replication process can be arbitrarily long, but the general algorithm 
for updating the wire remains the same. 

Since it is somewhat difficult to interpret the physical meaning 
of these rules simply by looking at the rule table, Griffith has built 
a physical mechanism that can execute this logic. One of the first 
choices in the design of this mechanism was the tiling scheme. 
The main constraint is that any logical operation should not be 
passed through another tile as that would require vias, memory, 
or logic within that cell. The logic designed above requires com- 
munication with 4 neighbors, so a tiling design enabling 4 
contact-face neighbors and single-axis 4-neighbor contacts was 
desirable. Accordingly, the T-shaped tiles shown in Figure 3.86 
achieve both goals — there are 4 contact-face neighbors, and all 
of those contacts can be executed on faces lying in one axis. The 
bottommost diagram in Figure 3.86 shows the logical routing. 
Arrowheads represent the opening of a gate for binding, while the 
origin of the line with the arrowhead represents the input connec- 
tion that forces this change of state. The input of a connection 
can be thought of as routing a switch from a “0” to a “1” state 
(open for binding) at the arrowhead. 

The first mechanical implementation of this design used LEGO® 
blocks with laser-cut custom parts in acrylic (Figure 3.87). The 
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Figure 3.84. Logical scheme and replica- 
tion cycle of Griffith self-replicating wire. 
(image courtesy of Saul Griffith!3!*) 


Figure 3.85. Effective 
rule table for Griffith 
self-replicating wire. 
(image courtesy of Saul 
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Figure 3.86. Tiling scheme for Griffith self-replicating wire. (image 
courtesy of Saul Griffich!3!*) 


physical scale is roughly 3 x 4 inches for the whole cell (leftmost 
image). The three rightmost images demonstrate the replication se- 
quence for a dimer. The blue and pink units display exactly the 
same logic as represented earlier. The only difference is a mechani- 
cal shape selectivity that prevents pink binding to blue, and vice 
versa. One can now see how a bit string of data can be replicated by 
such a system. Any arbitrary input string of pink and blue tiles can 
be replicated in the lower string. Note that at the completion of the 
final cell in the replicating string, the two strings automatically di- 
vide into two complete strings ready for the next round of replica- 
tion. Note also that this system is very simple, representing only 5 
discrete states. In late 2003, Griffith reported!3 12 that further work 
then in progress would lead to more complex replicating string de- 
signs, the details of which would probably be published in 2004 as 
part of his Ph.D. dissertation. 

The significance of this work is clear, says Griffith: 3 “With 
such low costs for digital logic, why concern ourselves with mini- 
mal state machines for replication? Concerted engineering efforts 
over the last 50 years have reduced the cost of silicon-based digital 
logic to extremely low levels. Basic microcontrollers with a lot of 
memory (by replication standards) and fully Turing-complete are 
available for under $1 each; if packaging costs didn’t dominate as 
the size is shrunk, they could surely be even lower in cost. However, 
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even at any finite [per-unit] cost of pennies, or fractions of pennies, 
objects comprising 10° components or more start to have signifi- 
cant cost. By reducing the complexity of the subunits to an absolute 
minimum, one can reconsider logic implemented by mechanical, 
chemical, or similar means. Babbage’s revenge! At the level of just 
5-6 states per subunit, one can start to imagine mechanical or chemi- 
cal finite state machines that make up the micro- (or potentially 
nano-) scale subunits for replicating more complex machines.” 


3.29 Self-Replicating Robotic Lunar Factory (SRRLF) 
(2003-2004) 

Two private groups’*!? devoted to space colonization have un- 
dertaken the design of a self-replicating robotic lunar factory 
(SRRLF) with the ultimate objective of constructing several opera- 
tive space manned stations having room for thousands of inhabit- 
ants in a 3-4 decade timeframe. The lunar factory replicator, be- 
sides replicating itself, will also produce an additional quantity of 
materials for export to Earth or lunar orbit. This ongoing volunteer 
open-source design effort is explicitly intended as an update and 
extension of the 1980 NASA replicating lunar factory study (Sec- 
tion 3.13.2) and thus the two designs have many similarities. 

Valenti Pineda,!*!4 an industrial robotics and automation engi- 
neer in Spain who is leading the technical design effort, notes that 
the technology needed to transport a SRRLF to the Moon was proven 
well over 30 years ago. The technology in robotics and automation 
needed to successfully operate a prototype lunar factory simulator 
on Earth is now powerful enough to build it and to produce the 
required software and know-how to operate the factory on the Moon. 
“My estimate is a SRRLF can be designed using current robotic 
technology with the target of reaching 99% self-replication by 
weight, then begin the battle of reducing the remaining 1% that 
would be difficult to self-replicate using current technology,” says 
Pineda.!?"4 “In any event, this 1% consists of small and relatively 
lightweight components and wouldn't be prohibitively expensive to 
import from Earth — e.g., control electronics, communication 
equipment, lubricants, dopant for solar cell production, etc.” 

The factory is being designed so as to make robotic work as reli- 
able and easy as possible. For example, to make robot transporta- 
tion and locomotion easy and reliable, robots engaged in lunar soil 
mining operations will run on wheeled structures adaptable to lu- 
nar soil and will have autonomous AI navigation (Figure 3.88). 
Robots that must run inside the factory are mounted on motor boxes 
and move along an internal railroad (Figure 3.89), with navigation 
determined by a single-dimensional positional key. The factory con- 
sists of several modules partially buried in the lunar soil and con- 
nected at factory soil level by railroads where the displacement along 
railroads from any factory floor location to any other floor location 
is known to robots and payloads. The floor of the lunar factory is 
made of sintered lunar regolith. The modules of the first factory are 
delivered from Earth and assembled at a site previously founded 


Figure 3.87. Physical implementation of Griffith self-replicating wire. (image courtesy of Saul Griffith'?!”) 
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Figure 3.88. Types of mobile robots at the SRRLF. Autonomous AI 
navigating wheeled robots (top right) are used for lunar terrain inves- 
tigation and raw materials mining; motor boxes on rails for 
single-dimension navigation are used inside the lunar factory (bottom 
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left). (images courtesy of Valenti Pineda’’"” and The Preparation 
and excavated by robots. Multifunctional robots are the workforce 
in the factory for all required industrial tasks such as welding, visual 
inspection, assembling, and so forth. The robots must be designed 
not only to carry out these tasks but must also be maintained, re- 
paired, mounted and replicated by themselves using the least pos- 
sible number of different types of parts. 

The phases for SRRLF construction are as follows: (1) selection 
of lunar landing site; (2) excavation, founding and factory floor 
construction by assembly of sintered regolith blocks and rails; (3) 
deployment and assembly of factory equipment; and finally (4) fac- 
tory startup. As indicated by the flowchart in Figure 3.90, the fac- 
tory consists of the following processing modules, listed in order of 
operation: 


¢ Autonomous wheeled robots for lunar soil mining deposit ex- 
cavated materials in light trucks that run along the central rail- 
road to the factory. 
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Figure 3.89. Perspective view of possible motions of robots and 


gantries on the SRRLF factory floor. (image courtesy of Valenti 
Pineda!?!4 and The Preparation!?!9) 


¢ Raw materials go to solar ovens and materials separators. 


¢ Preprocessed materials go to chemical processing sector where 
primary materials will be obtained; unusable portions of these 
materials go to the factory dump. 


¢ Primary materials move to the fabrication sector to be turned 
into useful mechanical and electrical pieces. 


¢ Fabricated pieces move to the assembly sector where subassem- 
blies are made and inspected for quality before being sent on 
for final assembly. 


¢ Logistical planning requires the use of specific sites for storage, 
recycling, repair, and maintenance of pieces and equipment in- 
side the factory. 


Two central rails will be continually enlarged by construction 
using processed material within the factory, making it possible for 
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Figure 3.90. Functional flowchart of the SRRLF factory in operation. (image courtesy of Valenti Pineda 
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Figure 3.91. SRRLF replication 
pattern across the lunar surface. 
(images courtesy of Valenti 
Pineda!>!4 and The Prepara- 
tion!3!3) 


robots to travel faster to distant mining sites and to deliver mined 
materials back to the factory. Separate replicated factories are con- 
nected among themselves by these rails. In the progressive replication 
pattern illustrated in Figure 3.91, the first factory (1) constructs the 
central rail and foundation of the second factory, then (2) installs 
early modules and (3) solar power arrays, and finally the rest of the 
components of the second factory (4). (Precise distances between 
daughter factories may vary depending on materials needs, site de- 
tails, etc.) The first two SRRLFs then generate one daughter each (5); 
then all four replicate to make 8 units (6), and then produce a total of 
16 units after the next replicative cycle (7). Once the number of 


replicators is large enough and the earliest mining sites have been 
exhausted, sending raw materials to the earliest factories may delay 
replication so it is better to dismount the robotic modules from these 
early factories and transport them to peripheral mining sites, leaving 
the vacated interior spaces for future human settlements. 

Lunar replicators continue making a grid (top) of railroad-con- 
nected factories on the lunar surface. When materials are exhausted 
inside the grid (bottom left), factory modules are moved outward 
to the periphery of the grid (bottom right) to regain ready access 
to more raw materials, with empty places used for future human 
settlements. 


CHAPTER 4 


Microscale and Molecular Kinematic 
Machine Replicators 


here is substantial interest in examining the feasibility of 

molecular assemblers as manufacturing systems for 

nanotechnology. Perhaps the most obvious proof of prin- 
ciple that molecular-scale self-replication is possible at all is the ex- 
ample of biology. Among all “autopoietic” systems (Section 5.1), 
living things represent a large class of replicators that have been 
“reduced to practice” in working physical systems, at replicator size 
scales ranging from tens of nanometers (viruses) to tens of meters 
(whales). The techniques of biotechnology are regularly used to al- 
ter both structure and function of cellular replicators, producing 
biological kinematic replicators altered to specifications determined 
by human bioengineers. The first references to “molecular automata” 
began appearing in the early 1960s.'9!>'1!° There are many indi- 
vidual molecules known to be capable of self-replication, and both 
self-assembly and positional assembly are employed inside living 
cells as they replicate. Many nonbiological molecular or microscale 
replicators have been suggested, including several proposals for 
replicators using molecular-scale positional assembly to be made of 
extremely durable nonbiological materials such as diamond. These 
latter replicators are called molecular assemblers, an important sub- 
ject of this book. 

The authors are most interested in the subject of nanomechanical 
replicators. As noted by Aristides Requicha, Director of the Labora- 
tory for Molecular Robotics at the University of Southern Califor- 
nia, in 2003:!3!7 “Construction of nanorobots and NEMS 
[nanoelectromechanical systems] is still in its infancy. However, 
progress in exploiting biological motors and in developing artificial 
nanomachines has been rapid over the last few years, and the first 
(and fairly primitive) nanorobots are likely to emerge from research 
labs within the next five to ten years. Building and testing of 
nanodevices, and coupling of nanodevices to build integrated sys- 
tems that can be interfaced with the micro/macro world continue 
to be major challenges.” 

In this Chapter, we review a variety of microscale and molecu- 
lar kinematic replicators that have been proposed, or have been 
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Figure 4.1. Clarification of one important aspect of the replicator 
design space. 


discovered or realized in physical implementations. However, be- 
fore proceeding further it is necessary to clearly distinguish three 
terms (Figure 4.1) that are frequently confused: 

Self-replication: the end result ofa virtual or physical construc- 
tion* process in which an object (called a “replicator”) makes as 
true a copy of itself as possible.””> Depending upon the nature of 
the object and the environment in which it resides, many different 
construction processes might be employed to achieve this final re- 
sult. One such construction process (resulting in self-replication) 
might be self-assembly. Another such construction process (also re- 
sulting in self-replication) might be positional assembly. (“Self-rep- 
lication” is to be distinguished from “self-reproduction”, a process 
in which an object makes imprecise copies of itself that may incor- 
porate heritable variation of sufficient magnitude to allow natural 
selection and evolution to occur).** 202430 

“Replication” is also sometimes distinguished from “self-replica- 
tion” in that the former describes a general ability to copy some 
range of physical structures!?'® while the latter may describe the 
more narrow ability of a system to copy its own physical struc- 
ture. These terms are used almost interchangeably in this book 
because analysis reveals that this distinction actually extends along 
several different dimensions of the replicator design space (e.g., 


* In traditional engineering, “construction” refers to the manufacture of physical objects using the techniques of fabrication, assembly, or both. “Fabrication” customarily 
refers to materials transformation processes involving the alteration of interatomic strong (covalent or ionic) bonds within a single component (e.g., chemical, phase, or 
deformative transformations), whereas “assembly” customarily refers to the spatial rearrangement of fabricated components or “parts” that involve no alteration of interatomic 
strong bonds within the components (e.g., pressure-fitting, snap-fitting, fastening, weaving, complementary interlocks) but may involve altering atomic bonds between 
components (e.g., adhesives, joining of unterminated diamond surfaces). When components shrink to the size of atoms or molecules, the distinction between fabrication and 
assembly disappears. For convenience we choose to label such transformative processes as assembly, e.g., “molecular assembly,” though “molecular fabrication” would be 


equally apt. 


** There is some subtle dissent from this approach. For example, Gerald Joyce™ is of the opinion that “most biochemists would disagree with the distinction that is being 


made between ‘self-replication’ and ‘self-reproduction’. Instead they would distinguish between ‘error-free self-replication’ and ‘error-prone self-replication’. 
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dimensions 16, 17, 116 and J6; Section 5.1.9) and thus may more 
easily lead to confusion than enlightenment; hence the distinction 
seems not particularly useful in normal discourse. 

For instance, the word “self” may refer to the thing being made 
— that is, to the fact that the entity in question is making copies of 
its own physical structure, rather than the physical structure of some- 
thing entirely else, or even imperfect copies of itself. Or “self” may 
refer to the way a thing is being made — that is, the ability of an 
entity autonomously to make copies on its own without outside 
assistance, as opposed to some other replicating entity which can 
only replicate with the assistance of outside entities. This usage of 
“self” would then be synonymous with closure, with a 
“self-replicator” having 100% closure while an ordinary “replicator” 
would not. Since few replicating entities can have 100% closure in 
all dimensions (in time needing at least some materials, energy, or 
sensory or other information inputs from the environment), then 
few entities could be called “self” replicating in this usage. For ex- 
ample, human beings, requiring Vitamin C inputs from the envi- 
ronment, lack 100% materials closure and thus would be excluded. 

Still others have tried to identify “self” replication with descrip- 
tive information closure only, or with process control information 
closure only, or with others of the many design dimensions of the 
replication space (Section 5.1.9). Rather than trying to burden the 
term “self” with some arbitrary meaning that is more likely to con- 
fuse than to inform, we feel it is best to treat the terms “self-replica- 
tion” and “replication” as interchangeable, and direct readers who 
seek clarification and greater precision to our comprehensive repli- 
cation design space analysis (Section 5.1.9), where said readers can 
then select whichever conceptual restrictions seem most appropri- 
ate under the circumstances. Similar comments pertain to the usage 
by some writers of “auto-” in place of “self-”. 

Self-assembly: one of several construction processes by which 
self-replication may be achieved; an alternative to positional assem- 
bly. Self-assembly is a stochastic process wherein only the final state 
(the desired end configuration), and not the pathway taken to it, is 
specified.'?!? Molecular self-assembly is a strategy for nanofabrication 
that involves designing molecules and supramolecular entities so 
that shape- and charge-complementarity causes them to spontane- 
ously aggregate into desired structures.'*”° “Self-assembly” thus re- 
fers to a process in which a construction occurs spontaneously and 
stochastically “by itself,” but does not necessarily refer to a process 
in which a construction results in a duplication of a selfsame device. 
Indeed, the result of self-assembly is frequently a much larger com- 
pound object markedly different from the original smaller compo- 
nent objects that have self-assembled. Pier Luisi'%”° believes that 
the term “self-assembly” should be reserved “either to spontaneous 
processes, i.e., those under thermodynamic control; or those that 
are generated by the internal laws of the system (like the construc- 
tion of an ant nest, determined by the inner genome of the spe- 
cies).” Self-assembly can also be defined as the reversible formation 
of a supramolecular structure (or complex) from two or more mo- 
lecular components via one or more noncovalent interactions in- 
cluding electrostatic, H-bonds, or van der Waals interactions. 

Whitesides!>?! notes that “self-assembly” has been deemed to 
include processes ranging from the non-covalent association of or- 
ganic molecules in solution to the growth of semiconductor quan- 
tum dots on solid substrates, but prefers to limit the term to “pro- 
cesses that involve pre-existing components (separate or distinct parts 
of a disordered structure), are reversible, and can be controlled by 
proper design of the components.” 

Positional assembly: one of several construction processes by 
which self-replication may be achieved; an alternative to self-as- 
sembly. Positional assembly is a deterministic process in which 
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the components used in a construction are held in known positions 
and are constrained to follow desired intermediate physical path- 
ways throughout the entire construction sequence. (Like self-assem- 
bly, the final state or desired end configuration is also specified.) 
Positional assembly is useful whenever reacting structures might have 
prematurely reacted elsewhere if not positionally constrained. The 
use of highly reactive compounds permits a simple and direct syn- 
thetic process that provides greater flexibility and makes possible 
the synthesis of a much wider range of structures than is possible 
using self-assembly alone. (For example, attempts to reliably 
self-assemble highly reactive components, even if chemically dis- 
tinct, must fail when those components collide with each other in 
undesired but still reactive conformations — although competing 
reaction barriers can increase the probability of correct assembly in 
some instances, most notably complementary DNA strands.) The 
result of positional assembly may be an object physically different 
from the original object that performed the positional assembly 
construction process, or it may be an object that is a close physical 
duplicate of the original object that performed the positional as- 
sembly construction process. A macroscale analog is the part-by-part 
assembly of automobiles on a robotic production line while main- 
taining continuous positional control'*” of all parts and processes. 
Before proceeding further, one additional point must be made. 
The last half of Chapter 4 presents a number of hypothetical de- 
signs for kinematic self-replicating machines which run consider- 
ably ahead of full experimental verification. There are justifiable 
and pragmatic concerns that “the principle has gotten so far ahead 
of the practice” that these theoretical designs may no longer be 
well-grounded in reality, or that as practice slogs along behind theory, 
technical issues might arise that could have significant impact on 
the details of these designs. While this is an important caution to 
bear in mind, still it seems unlikely that we will ever be able to build 
an assembler in the absence of a design for one. Trial designs are an 
important part of common engineering practice and are useful for 
uncovering previously hidden design flaws. It is also unlikely that a 
molecular assembler will soon be built if such construction is gen- 
erally regarded as impossible within the engineering and scientific 
community. In the absence of an experimental ability to build a 
complete system today, it is nevertheless fruitful to examine a wide 
variety of intermediate designs to help identify components or pro- 
cesses that might be susceptible to near-term experimental or com- 
putational validation, with a view toward reducing the remaining 
uncertainties and unknowns involved in such designs. Concerned 
readers may wish to briefly detour to our extensive discussion of these 
issues in Chapter 6 before confronting the balance of Chapter 4. 


4.1 Molecular Self-Assembly and Autocatalysis 
for Self-Replication 

There is a wide range of different molecular systems that can 
self-assemble!**>!5*4, and space does not permit more than a brief 
review here. Perhaps the best-known self-assembling molecular sys- 
tems include those which form ordered monomolecular structures 
by the coordination of molecules to surfaces 1325. called self-assembled 
monolayers (SAMs) 19261528; self-assembling thin films, 1328-1330 
Langmuir-Blodgett films, '***!°?! self-assembling lipidic micelles and 
vesicles, !9°?"13%> or self-organizing nanostructures.!*9!937 In many 
of these systems, a single layer of molecules affixed to a surface al- 
lows both thickness and composition in the vertical axis to be ad- 
justed to 0.1-nm by controlling the structure of the molecules com- 
prising the monolayer, although control of in-plane dimensions to 
<20 nm remains difficult. Fluidic self-assembly of microscale 
1345-1351 nanoscale parts,'9°7!97? and the dynamics of Brown- 


parts, 
ian self-assembly’? 58 have also been described, and the theory of 
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1546,1565 and 
1359 


designable self-assembling molecular machine structures 
the computational modeling of self-assembly processes 
ginning to be addressed. 

A bench chemist would define autocatalysis (Section 4.1.6) very 
narrowly as the catalysis exhibited by a product of a reaction. Follow- 
ing a standard textbook definition, a catalyst accelerates a reaction 
while being neither consumed nor produced in the reaction. An 
autocatalyst, however, is a catalyst that is produced in a reaction. 
Upon production, an autocatalyst accelerates its own formation, ini- 
tially leading to an exponential (more generally, nonlinear) increase 
in the number of autocatalytic molecules. A very simple example of 
an autocatalytic reaction is the hydrolysis of a carboxylic ester in “neu- 
tral” water: RCO 2R’ + H2O — RCO>H + R’OH. Ester hydrolysis is 
known to be catalyzed by acids. Since an acid (RCO2H) is produced 
in the reaction, the product feeds back into its own synthesis. One 
may write: RCO2R’ + RCO.H + H,O — 2 RCO2H + ROH to 
indicate that the process is autocatalytic. 

Following Lehn’s “instructed mixture” paradigm 


are be- 


1300 __ in which 


large molecules can store more “information” than small molecules, 
and in which chemical information is “stored” as constitution (the 
network of bonds between atoms), configuration (the 3-D arrange- 
ment of bonds at “stereogenic” atoms), and long-living conforma- 
tion (the 3-D orientation of atoms at bonds allowing for internal 
rotations) — self-replication via autocatalysis means autocatalysis 
in a bond-making reaction creating chemical information. The 
usual mechanism to transfer chemical information is templating: 
The template “instructs” its components in such a way that a spe- 
cific bond is formed between the components. Templating is based 
on self-assembly, viz. the “docking” of components by noncovalent 
interactions. 

Examples of chemical systems capable of templating and catalyzing 
their own synthesis — self-replicating systems — have begun to ap- 
pear in the chemical literature over the last two decades,!°7°1>”4 start- 
ing with the first demonstration of a chemical self-replicating system 
by von Kiedrowski.'”? Various template-dependent ligation systems 
have been devised to study the role of a template in binding and posi- 
tioning complementary substrates for covalent bond formation. '9””"1°8! 
These have included simple self-replicating systems of the form A + B 
—> T, where A and B are substrates that bind to a complementary 
template, T, and become joined to form a product molecule that is 
identical to the template,!?”*"!°° so that the reaction product has the 
potential to direct additional reactions. '°”* The system is termed auto- 
catalytic when the newly formed product is able to direct the assembly 
of additional product (template) molecules. 

The self-replicating systems that have been studied through 2004 
use template molecules composed of nucleic acids, 96197919 pep- 
tides, 9°48” peptide nucleic acids!?8*!9"! or nucleobase amino ac- 
ids, !°°? and small organic compounds.!©°"" The nucleic acid-based 
systems rely on simple Watson-Crick pairing interactions between a 
short oligonucleotide template and two complementary oligonucle- 
otide substrates, 9°°173:19> As described by Paul and Joyce,'*”” the 
substrates are bound at adjacent positions along the template and are 
joined through a reaction involving chemical groups at their opposed 
ends.!9”? Peptide-based self-replicating systems are similar, except that 
the components are oligopeptides that can form alpha-helices.'°”* 
The template is the hydrophobic face of an alpha-helix that interacts 
with the corresponding face of two peptide substrates. 784198” Un- 
like nucleic acid systems, where the templating interactions involve 
all of the nucleotide subunits, peptide replication systems involve 
only a few amino acid residues in the helix-helix interactions.'*”* 
The remaining residues are responsible for maintaining the overall 
fold of the helix, demonstrating that the templating properties of a 
self-replicating system need not necessarily involve interactions with 
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every residue in the polymer.'>”” Self-replicating systems based on 
organic compounds further generalize the notion of a template, as 
these systems are not based on a polymer but rather on a low mo- 
lecular weight compound that presents a templating surface to bind 
the two substrates. 1070-1672 

In the following discussion we briefly review self-assembling pep- 
tides, porphyrins and nucleotides (Section 4.1.1), self-assembling 
crystalline solids (Section 4.1.2), self-assembling dendrimers (Sec- 
tion 4.1.3), self-assembling rotaxanes and catenanes (Section 4.1.4), 
self-assembly of mechanical parts and conformational switches (Sec- 
tion 4.1.5), and finally autocatalysis and autocatalytic networks (Sec- 
tion 4.1.6). 


4.1.1 Self-Assembling Peptides, Porphyrins, Nucleotides 
and DNA 


One approach using solid-phase peptide synthesis and a con- 
vergent self assembly process was employed by M.R. Ghadiri and 
colleagues, '°?*!9°8 who designed and synthesized a number of 
self-assembling peptide-based organic nanotubes using cyclic pep- 
tides with alternating D- and L-amino acids for the building blocks 
of the nanotubes. The alternating stereochemistry of the cyclic pep- 
tides allowed all the side chains of the amino acids to be pointing 
outwards which would not be possible in an ordinary all L-cyclic 
peptide. In this conformation, the amide backbone can H-bond in 
a direction perpendicular to the plane of the cyclic peptide. The 
stacking of two cyclic peptides forms an H-bonding network re- 
sembling an anti-parallel beta-sheet!” as is commonly found in 
natural proteins. The H-bonding lattice quickly propagates per- 
pendicular to the plane of the cyclic peptide, forming a tubular 
microcrystalline structure with 0.75-nm pores, or, in another ex- 
periment, 1.3-nm pores.'“°° Another group of nanotubes was de- 
signed with a highly hydrophobic outer surface and a hydrophilic 
inner pore. These nanotubes were easily inserted into a lipid bi- 
layer and have been shown to be highly efficient ion chan- 
nels.'3°7!49! Nanotubes with slightly larger pores transport small 
molecules such as glucose as well.'*°* Stable flat nanodisks with 
diameters continuously (chemically) adjustable from 30-3000 nm 
have been self-assembled in surfactant solutions.!4°3 Other groups 
have investigated self-assembling peptides to form nanotubes and 
nanovesicles. 404140 

Yokoyama et al!“” report the formation of surface-supported 
supramolecular structures whose size and spontaneous aggregation 
pattern are rationally controlled by tuning the selective and direc- 
tional non-covalent interactions between individual substituted por- 
phyrin molecule “molecular building blocks” adsorbed on a gold 
surface that form monomers, trimers, tetramers or extended wire-like 
structures. “We find that each structure corresponds in a predict- 
able fashion to the geometric and chemical nature of the porphyrin 
substituents that mediate the interactions between individual 
adsorbed molecules,” note the researchers. “Our findings suggest 
that careful placement of functional groups that are able to partici- 
pate in directed non-covalent interactions will allow the rational 
design and construction of a wide range of supramolecular archi- 
tectures absorbed to surfaces, [potentially enabling] the realization 
of molecule-based miniature devices with advanced functions.” 
Crossley’s group!“° is also studying self-replication and templated 
synthesis of porphyrin systems, '4°° 

Fenniri et al!4!°!15 have used the heteroaromatic bicyclic 
base GAC which possesses the Watson-Crick donor-donor-ac- 
ceptor of guanine (G) and acceptor-acceptor-donor of cytosine 
(C) at a fixed 60° relative angle, to achieve the self-assembly of 
helical rosette nanotubes which stack (six per hexagonal ring) 
only in the correct orientation because they are hydrophobic on 
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Figure 4.2. Top view of a self-assembled GC rosette nanotube 
conjugated to benzo-18-crown-6. (courtesy of Fenniri et al'41) 


the inside and hydrophilic on the outside (Figure 4.2). “Because of 
the disymmetry of its hydrogen bonding arrays, their spatial ar- 
rangement, and the hydrophobic character of the bicyclic system, 
GAC undergoes a hierarchical self-assembly process under physi- 
ological conditions to form a six-membered supermacrocycle main- 
tained by 18 H bonds (rosette). The resulting and substantially more 
hydrophobic aggregate then undergoes a second level of organiza- 
tion to produce a stack. The architecture thus generated defines an 
unoccluded central pore running the length of the stack with tun- 
able inner and outer diameters. The inner space is directly related 
to the distance separating the H-bonding arrays within the G*C 
motif, while the peripheral diameter and its chemistry are dictated 
by the choice of the functional groups conjugated to this motif.” 
Dendrimeric oligonucleotides as stable nanostructures have also been 
investigated by others.!4!4 

The ideas behind self-assembled DNA nanotechnology have 
been around since 1980,!438 but activity in this field accelerated 
in the 1990s after numerous experimental difficulties were sur- 
mounted. Horn and Urdea!‘"* reported branched and forked DNA 
polymers. Niemeyer!4!® and Smith!*!714>? suggested using 
self-assembled DNA as an early material for molecular 
nanotechnology. Damha!‘!*!4!9 synthesized V-shaped and 
Y-shaped branched RNA molecules, branching RNA dendrimers 
with “forked” and “lariat” shaped RNA intermediates, “7° and even 
trihelical DNA.!“2! Henderson and coworkers!#??"“5 designed a 
simple DNA decamer that can form an extended linear staggered 
quadruplex array reaching lengths of >1000 nm, and have made 
branched oligonucleotides that template the synthesis of their 
branched “G-wires”; depending on the ratio of linear to branched 
building blocks, extensive DNA arrays with differing connectivities 
but irregular interstices can be created.'4?° Von Kiedrowski’s 
group 190314261428 has generated 3-D nanoobjects using 
trisoligonucleotides with covalent junctions whose self-assembly 
leads to noncovalent objects, which can then be selectively repli- 
cated using an electrophoretic process called eSPREAD.!427!48 
Reif’s group!**! has produced self-assembled DNA-based 
nanotubes, and various self-assembled DNA-based dendrimers 
have been produced. !497!495 

Some of the most intensive and sustained work on three-dimen- 
sional engineered DNA structures has taken place in Nadrian 
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Seeman’s laboratory!“*°!4°° in the New York University Depart- 


ment of Chemistry. Seeman originally conceived the idea of rigid 
3-D DNA structures in the early 1980s!49514°8 while examining 
DNA strands that had arranged themselves into unusual four-armed 
Holliday junctions.'4? Seeman recognized that DNA had many 
advantages as a construction material for nanomechanical struc- 
tures. '4#4 First, each double-strand DNA with a single-strand over- 
hang has a “sticky end,” so the intermolecular interaction between 
two strands with sticky ends is readily programmed (due to base-pair 
specificity) and reliably predicted, and the local structure at the in- 
terface is known (sticky ends associate to form B-DNA). Second, 
arbitrary sequences are readily manufactured using conventional 
biotechnological techniques. Third, DNA can be manipulated and 
modified by a large variety of enzymes, including DNA ligase, re- 
striction endonucleases, kinases and exonucleases. Fourth, DNA is 
a stiff polymer in 1-3 turn lengths!“ and has an external code that 
can be read by proteins and nucleic acids. !4°! 

During the 1980s, Seeman worked to develop strands of DNA 
that would zip themselves up into more and more complex shapes. 
Seeman made junctions with five and six arms, then squares, !46? 
stick-figure cubes comprised of 480 nucleotides,!““° and a trun- 
cated octahedron containing 2550 nucleotides and a molecular 
weight of ~790,000 daltons.'““? The cubes were synthesized in so- 
lution, but Seeman switched to a solid-support-based methodol- 
ogy!“ in 1992, greatly improving control by allowing construc- 
tion of one edge at a time and isolating the growing objects from 
one another, allowing massively parallel self-assembly of objects with 
far greater control of the synthesis sequence. By the mid-1990s, 
most Platonic (tetrahedron, cube, octahedron, dodecahedron, and 
icosahedron), Archimedean (e.g., truncated Platonics, semiregular 
prisms and prismoids, cuboctahedron, etc.), Catalan (linked rings 
and complex knots), and irregular polyhedra could be constructed 
as nanoscale DNA stick figures.!!411}>! 

Seeman’s DNA strands that formed the frame figures were strong 
enough to serve as girders in a molecular framework, but the junc- 
tions were too floppy. In 1993 Seeman discovered the more rigid 
antiparallel DNA “double crossover” motif,!“64 which in 1996 he 
used to design and build a stiff double junction to keep his struc- 
tures from sagging.'“°° The next goal was to bring together a large 
number of stick figures to form large arrays of cage-shaped DNA 
crystals!” that could then be used as frameworks for the assembly 
of other molecules into pre-established patterns. These DNA mol- 
ecules, including the newer “triple crossover” motifs,!““° would serve 
as the scaffolding upon which new materials having precise mo- 
lecular structure could be assembled.!447"!4 Seeman’s DNA 
nanoconstruction work has more recently began progressing toward 
DNA-based kinematic nanodevices (Section 4.5). 

In 2004, Shih et al!4°%!4°7 at the Scripps Research Institute syn- 
thesized a single-stranded 1669-nucleotide DNA molecule that 
self-folds into a hollow octahedral structure ~22 nm in diameter in 
the presence of five 40-nucleotide synthetic oligodeoxynucleotides 
by a simple denaturation-renaturation process involving heating and 
a series of cooling steps (Figure 4.3). The central cavity can hold a 
sphere 14 nm in diameter, which would include fullerenes up to 
~Co,290 in size; the triangular openings on each face can admit spheres 
up to 8 nm (~C) 999) in outside diameter. The base-pair sequence of 
individual struts is not repeated in a given octahedron, so each strut 
is uniquely addressable by the appropriate sequence-specific DNA 
binder.!4°° Unlike other DNA that forms three-dimensional ob- 
jects, Shih’s molecules can be readily copied by polymerases, hence 
is clonable. “Building complex three-dimensional DNA wireframes 
directly from synthetic oligonucleotides (as has been done in the 
past) is a very time-consuming and inefficient process, and thus 
not practical for many applications,” said Shih in a February 2004 
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Figure 4.3. Structure of 1.7-kilobase single-stranded nanoscale 
self-folding DNA octahedron ~22 nm in diameter, using false-color 
visualization exhibiting the electron density of the object.!46014°7 
(courtesy of Gerald F. Joyce and Scripps Research Institute) 


interview.'4°” “Polymerases could also facilitate the discovery of novel 
single strand encoded DNA molecular machines through the pro- 
cedure known as directed molecular evolution. Directed evolution 
could be used for attempts to develop complex mechanical behav- 
ior from DNA loops organized by an octahedron scaffold. This could 
lead to custom molecular machines reminiscent of those found in 
nature — for example, molecular assemblers and disassemblers such 
as chaperones or polymerase clamp loaders. Directed evolution has 
already been used successfully to discover static and even allosteri- 
cally controlled catalysts. It would be a great feat to evolve more 
complicated molecular machines, and amplifiable DNA nano-scaf- 
folds could play a key role in meeting this challenge.” Wengel*?”8 
has also discussed using DNA building blocks for nanoconstruction. 


4.1.2 Self-Assembling Crystalline Solids 

Self-assembled crystalline solids such as zeolites!4”!"!473 incom- 
pletely fill space, leaving substantial voids that may be occupied by 
solvent molecules or other guest molecules. Such occupation pro- 
duces solid-state host-guest complexes known as clathrates (from 
the Latin clathratus, meaning “enclosed by the bars of a grating”). 
MacNicol and co-workers!“ reported the first rationally designed 
clathrate host in 1978, but the first true de novo design of an or- 
ganic clathrate was in 1991.!4° This involved the formation of an 
extensive three-dimensional diamond-like porous lattice built from 
a single Tinkertoy-type subunit containing four tetrahedrally ar- 
rayed pyridone groups that acted as connectors to assemble the units 
together in a well-defined geometry. However, the crystal was held 
together only by weak hydrogen bonds and the links had a rota- 
tional degree of freedom, rendering the exact crystal molecular ar- 
rangement unpredictable.!4”° Engineered nanoporous molecular 
crystals can provide molecular-scale voids with controlled sizes, 
shapes, and embedded chemical environments at resolutions of 
0.3-4.0 nm, 1473-1479 

Other self-assembling crystal structures have been de- 
scribed!48°"482 including the crystal engineering of diamondoid 
networks, !48? template-directed colloidal crystallization or colloi- 
dal epitaxy,!“*4 organic templating to form crystalline zeolite-type 
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structures with ordering lengths <3 nm,'“*° 3-D polymer channels 
with chemically functionalizable channel linings,' 86 silver nanowire 
arrays, !“8” and micromolding combined with templating and co- 
operative self-assembly of block copolymers to produce hierarchical 
ordering over discrete and tunable characteristic length scales of ~ 10 
nm, ~100 nm, and ~1000 nm ina single body. 1488 Redl et al!4°? at 
IBM have created a self-assembling 3-D metamaterial with a re- 
peating pattern made up of 11-nm diameter (~60,000-atom) mag- 
netic iron oxide particles and 6-nm diameter (~3000-atom) semi- 
conductor lead selenide particles. This demonstrates “a modular 
assembly method that will let us bring almost any materials 
together...[and] the ability to bring together complementary mate- 
rials with an eye to creating materials with interesting custom prop- 
erties.” Of course, the simple process of crystallization can be viewed 
as an example of templated self-assembly. 

Non-crystallographic polyhedral nano-clusters that are not able 
to grow but nevertheless have the potential to bifurcate, regroup, 
and even “self-replicate” have also been proposed.!4”° 


4.1.3 Self-Assembling Dendrimers 
Dendrimers,'“?!" also known as arborols or fractal polymers, 
are a well-known set of self-assembling structures!”°” that possibly 
could be used as tools to assist in the assembly of early nanomachines. 
Dendrimers are large regularly-branching macromolecules resem- 
bling fractal patterns, made by an iterative process in which small 
linear molecules are allowed to bind to each other at a certain num- 
ber of sites along their length, building up branches upon branches 
with each iteration working outward from a core molecule having 
at least two chemically reactive arms, somewhat mimicking tree 
growth. Different core molecules or building-block chains produce 
macromolecules with different shapes, and the outer surface can be 
terminated with chemical groups of specific functionality, produc- 
ing hundreds of differently-surfaced branched molecules’®”’ that 
have already found use in medical research.'°°* Growth is regulated, 
so size can be accurately controlled — dendrimers are typically a 
few nanometers wide but have been constructed with masses ex- 
ceeding a million protons (~10° atoms) and with diameters larger 
than 30 nm. 

Convergent assembly of specified 6-mer dendrimers via 
trimerization of precursor dimer “parts” was demonstrated in 1999.19 
Dendrimer self-assembly into lattices and other multidendrimeric 
structures has been studied both computationally!" and experi- 
mentally. 1506-1509 

DNA-based dendrimers have already been mentioned in Sec- 
tion 4.1.1. 


4.1.4 Self-Assembling Rotaxanes and Catenanes 
Noncovalent self-assembly of molecular parts has also been dem- 
onstrated. For instance, Fraser Stoddart and colleagues!” 10-1515 have 
extensively investigated the rotaxanes, !!© nanoscale systems in which 
one molecular part is threaded through a hole or loop in another 
molecular part, and kept from unthreading by end-groups, like a 
ring trapped on a barbell. In one system, a ring-shaped molecule 
slides freely along a shaft-like chain molecule, moving back and 
forth between stations at either end with a frequency of ~500 Hz, 
making an oscillating “molecular shuttle”.!°!! This shuttling behavior 
can be controlled by a series of different chemical, electrochemical, 
or photochemical external stimuli.’*!*!?!” Using another approach, 
G. Wenz!?!® threaded ~120 molecular beads onto a single, long, 
poly-iminooligomethylene polymer chain, making a “molecular 
necklace.” Other groups are pursuing related research!?!?"'**! re- 
garding [n]-rotaxanes!*”*!*”? and pseudorotaxanes (mechani- 
cally-threaded molecules),/°24!525 while still others are using the 
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necklace technique as a means of, for example, self-assembling ~2 
nm wide cyclodextrin nanotubes'”° and more complex molecular 
machines.'>”7 

Another interesting molecular system that can be made entirely 
by self-assembly is the catenanes,!*!° which have two or more closed 
rings joined like the links of a chain. The rings are mechanically 
linked — there are no covalent bonds between separate links. The 
first 2-catenane (2 linked rings) was constructed by Edel Wasserman 
of AT&T Bell Laboratories in 1960, using simple hydrocarbon rings; 
the first 3-catenane was synthesized in 1977. In 1994, Fraser Stoddart 
and David Amabilino constructed the first 5-catenane, >” having 
~372 atoms, dubbed “olympiadane” because of its resemblance to 
the Olympic rings, and in 1997 the same group announced the first 
deterministically-ordered 7-ring heptacatenane;'?”? another 
group later reported the spontaneous self-assembly of a 10-com- 
ponent catenane.'**? Much research on larger polymeric chains 
of linked rings (e.g., oligocatenanes'*?'), supramolecular “daisy 
chains”, 1932/1933 fullerene-containing catenanes, !>*4 protein-based 
catenanes,!*° and supramolecular weaving'™® is now in progress. 
The smallest 2-catenane constructed to date has dimensions 0.4 
nm x 0.6 nm.!??” Self-assembled mechanically-interlocked 2-dimen- 
sional !°38-154 and 3-dimensional!4!> “infinite” arrays of single 
molecular ringlike species are known. Interestingly, in 1998 it was 
discovered that many viral coats (which also self-assemble) appear 
to be a 2-dimensional “chain-mail” weave of mechanically-inter- 
locked protein rings. For instance, the spherical bacteriophage HK97 
capsid shell consists of exactly 72 interlinked protein rings, specifi- 
cally 60 hexamers and 12 pentamers.!> 


4.1.5 Self-Assembly of Mechanical Parts 
and Conformational Switches 

Several attempts have been made to achieve self-assembly of small 
mechanical parts to avoid direct parts grasping. 41-19 Saitou!*“6 
gives a simple example of “sequential random bin picking” in which 
a process of sequential mating of a random pair of parts drawn from 
a parts bin which initially contains a random assortment of parts 
can produce the mating of a desired pair of parts (Figure 4.4). It is 
already known that self-assembling molecular systems can be made 
to self-replicate if the components have sufficient complexity. An 
example in biology is offered by the bacteriophages (Section 4.3.3), 
viruses that infect and commandeer a bacterial cell’s replication 
mechanism to synthesize their own component molecules such as 
nucleic acids and proteins. '*47!>48 Spontaneous self-assembly of the 
component viral proteins then occurs which produces hundreds of 
virus offspring in the host cell. While new viruses are formed via 
self-assembly of randomly arranged and randomly moving compo- 
nent protein molecules, the various component molecules do not 
associate with one another at random during the assembly process 
but rather associate in a definite sequence. Biologists believe that 
conformational switches in protein molecules facilitate this sequen- 
tial self-assembly of bacteriophages. In a protein molecule with sev- 
eral bond sites, a conformational switch causes the formation of a 
bond at one site to change the conformation of another bond site. 
As a result, a conformational change which occurs during one as- 
sembly step provides the essential substrate for assembly at the next 
step.!°4 Smith!*°° has described a self-assembled fluorescent con- 
formational switch using DNA scaffolds containing several targeted 
proteins. 

Griffith!“ also complains that existing self-assembling systems 
are “essentially meso- or macro-scale versions of crystallization”* 


and suggests expanding the toolbox of self-assembly by including 
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Figure 4.4. Self-assembly of parts using sequential random bin-pick- 
ing.!“° Step (a): The parts (possibly assemblies) are randomly ar- 
ranged in the parts bin. Step (b): Arm #1 randomly picks up a part 
(possibly an assembly) from the bin. Then arm #2 randomly picks up 
another part (possibly an assembly) from the bin. Step (c): The two 
parts are pushed against each other, possibly forming an assembly. 
Step (d): The parts are returned to the bin, possibly as an assembly. 
(courtesy of K. Saitou) 


dynamic components that emulate enzymatic allostery. Figure 4.5 
shows Griffith’s “mechanical enzyme” analog — a 2-bit mechanical 
state machine that programmatically self-assembles while floating 
at an interface between water and poly-fluorodecalin. The mechani- 
cal state machine has a mechanical flexure that acts as the ‘switch’ in 
the state machine, making a mechanical allosteric enzyme. “The 
problem in designing self-assembling components is to avoid unde- 
sirable metastable states, and to make the desired assembled geom- 
etries the lowest energy conformations of the system,” Griffith ob- 
serves. For example, “you will observe in Figure 4.5 that there are 
no straight edges on the components to avoid local energy minima 
on their collision.” Griffith'*!* explains further: “The key in de- 
signing such systems is that the parts must fall through a cascade of 
increasingly lower energy states, each corresponding to one of the 
logical states desired. The difficulty comes in designing a system 
with those energy troughs. One particularly difficult aspect is that 
one must not only design for the desired states, but considering 
that all components are free to interact in solution, one must design 
the non-desirable interactions to have very low binding energy such 
that they will not stick permanently. Note that this is a simple 3-com- 
ponent, 2-state system. This quickly becomes an incredibly diffi- 
cult task as the number of states and components in the system 
increases. One must take solace in the fact that biology had billions 
of years to evolve many non-competing allosteric state machines 
and uses three dimensions, not just two.” Griffith notes that he is 
“making progress on a 3-state system, however it is a problem of 
increasing difficulty, and as more component types are added to a 


* A simple form of surface-tension-driven fluidic self-assembly has been illustrated with LEGO” blocks, which upon agitation form a square pattern while floating on water. 
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Figure 4.5. Griffith’s mechanical allosteric enzyme — the allosteric 
orseshoe-shaped component is “opened” or activated when the 
h hoe-shaped t d tivated when th 
4-lobed “catalyst” part binds its functional site, the parts interacting 
due to meniscus forces; the bound circular part can only fit into the 
y 


horseshoe once the catalyst is bound. (courtesy of Saul Griffith 3!21>4) 


system the challenge is to avoid any undesirable local energy minima” 
— necessitating the development of energy vs. orientation model- 
ing tools.!>“4 He has also set a goal of finding an analogy to protein 
folding that will allow the folding of linear strings of mechanical 
parts into 2-D and 3-D structures which are voidless space-filling 
final objects.13!? (See Section 3.28.) 

The programming of engineered sequences of such conforma- 
tional switches can allow the self-assembly of quite complicated 
mechanical structures. Saitou!*4°1!>>! has presented a model of 
self-assembling systems in which assembly instructions are written 
as conformational switches — local rules that specify conforma- 
tional changes of a component. The model is a self-assembling au- 
tomaton explicitly inspired!“° by the Penrose®* self-replicating 
blocks (Section 3.3) and by Hosokawa’s self-assembling triangular 
parts with embedded switches.!°™ It is defined as a sequential 
rule-based machine that operates on one-dimensional strings of sym- 
bols. An algorithm is provided for constructing a self-assembling 
automaton which self-assembles a one-dimensional string of dis- 
tinct symbols in a particular subassembly sequence. Classes of 
self-assembling automata are then defined based on classes of sub- 
assembly sequences in which the components self-assemble. For each 
class of subassembly sequence, the minimum number of conforma- 
tions is provided which is necessary to encode subassembly sequences 
in the class. Finally, it is shown that three conformations for each 
component are enough to encode any subassembly sequence of a 
one-dimensional assembly of distinct components, having arbitrary 
length. Saitou claims!*“° his model of self-assembling automata can 
also be applied to self-assembly in 2- or 3-dimensions (in particular, 
to “the assembly of micro- to mesoscale components for microelec- 
tronic applications,”) an extension which might eventually permit 
the design of physical systems capable of self-replication via 
self-assembly. 

Programmable self-assembly has also been examined by 
Nagpal'®*? who asked how one might achieve a particular global 
shape or pattern from the local interactions of vast numbers of parts, 
in a robust and decentralized way, and what the appropriate local 
and global programming paradigms for engineering such systems 
might be. Nagpal presented “a language for instructing a sheet of 
identically-programmed, flexible, autonomous cells to assemble 
themselves into a predetermined global shape. A wide variety of 
global shapes and patterns can be synthesized, using only local in- 
teractions between identically-programmed cells. The global shape 
is described as a folding construction on a continuous sheet, using a 
language based on Huzita’s axioms of origami. The program ex- 
ecuted by a cell is automatically compiled from the global descrip- 
tion, which is in contrast to approaches based on cellular automata 
and evolution. The cell program is inspired by developmental biology 
and is composed from a small set of primitives. The cell programs 
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do not rely on regular cell placement, global coordinates, unique 
global identifiers, or synchronous operation, and are robust in the 
face of a small amount of random cell death.” Saul Griffith’s related 
work on programmatic self-assembling systems!*“4 has been men- 
tioned earlier, and the work of Hogg et al!554 and DeHon et al!>*° 
should also be mentioned in this context. 

Guided!°° 5% or directed?!©>?!%7 self-assembly has become a 
growing research area. Hogg'*® has also examined the designability 
of self-assembled structures, Yeh and Smith!>*° have described a 
process of fluidic self-assembly of optoelectronic devices, Rothemund 
and Winfree!*°® have described a tile assembly model for 
pseudocrystalline self-assembly, and Breivik'*°” has designed and 
patented a set of self-replicating physical polymers. Gracias et al'*°* 
have impressed electrical circuits including LEDs on the surfaces of 
copper-polyimide truncated octahedra each ~1 mm in diameter, 
then induced these octahedra to self-assemble into specified 3-D 
electrical networks of up to 12 devices by co-melting opposing sol- 
der spots. (Gracias notes that hierarchical self-assembly and 
shape-selective self-assembly using lock-and-key structures!?””"!°7? 
“offer more sophisticated strategies for the fabrication of asym- 
metrical networks incorporating more than one repeating unit.”) 
Whitesides et al!*”415”° first demonstrated capillary-force driven 
assembly of a simple circuit and other structures from 
millimeter-scale components, and also magnet-driven fluidic 
self-assembly”*°° and electrostatic self-assembly.!**° Some of this 


work has since been extended to the microscale,!*4°135° including 


“micro-origami”,”“” 2448 “Flicon origami”, 1581,1582 and mesoscopic 
nucleic acid analogs.'°8? 

As one final observation, Crane!>*4 long ago considered the prin- 
ciples for the assembly of larger parts from smaller parts, and con- 
cluded that if imperfect units were cast aside during a hierarchical 
assembly process, then complex structures could be produced with- 


out requiring high accuracy at any step (see also Section 5.9.4). 


4.1.6 Autocatalysis and Autocatalytic Networks 

Autocatalysis — a process in which the product of a chemical 
reaction acts as a catalyst for that same reaction — is perhaps the 
simplest form of molecular self-replication. Small autocatalytic re- 
actions have long been known, for example, the formation of the 
porphyrin ring system from formaldehyde and pyrrole in the pres- 
ence of iron and peroxide, as described in 1969 by Calvin, and 
other purely chemical oscillating reactions (reaction-diffusion type 
replication) such as the well-known Belousov-Zhabotinsky reac- 
tion!°8*1599 (see Noyes’ explanation of it'?), self-replicating spots 
and pulses!*?3"!! based on the Gray-Scott model,'””” Turing pat- 
terns!°°!-160 inspired by Turing’s theory of chemical spatial pattern 
formation, !°!4 and other oscillating chemical systems, 607-1613 

In 1986, von Kiedrowski!*”? initiated the experimental field 
of “self-replication in chemistry” with the first demonstration of 
a simple chemical self-replicating system. As summarized by chem- 
ist Philip Ball:'°!° “When DNA replicates in cells, enzymes un- 
zip the double helix and build two new strands, one base at a 
time, using the exposed single strand as a template. In the 1980s, 
Leslie Orgel of the Salk Institute in San Diego, California, found 
a way to copy short single strands without enzymes. Individual 
base pairs could assemble on a template strand and link up into a 
complementary strand. In general you can't make two identical 
strands from one ina single step, however, because the new strand 
is complementary to, not identical to, the template. But in 1986, 
von Kiedrowski realized that you could get around this by choos- 
ing to copy a sequence whose complementary sequence is identi- 
cal to the original when read backwards. In this way his team 
demonstrated enzyme-free replication of a six-base strand of 
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Figure 4.6. Rebek’s self-complementary autocatalytic self-replicat- 
ing molecules. !°!” (courtesy of JACS) 


nucleic acid by using it as the template for assembling and link- 
ing together two three-base fragments.” Thus all the basic design 
principles and all the basic findings were already published in 
1986. The general scheme: A + B + C => ABC > C, = 2C, 
where C is a self-complementary template, was general enough 
that it could be implemented using a variety of different mol- 
ecules. Von Kiedrowski used short nucleic acids because he 
thought that ifan RNA world ever existed, short pieces of nucleic 
acids must be able to replicate in the absence of enzymes. 

In 1989, Rebek!®!!™° reported the synthesis of supermolecules 
that could generate copies of themselves when placed in a sea of 
simpler molecular parts, with each component part consisting of 
up to a few dozen atoms, a process known as autocatalysis. Unlike 
the bipartite complementarities (e.g., plus and minus) found in 
the double strands of nucleic acids and in the complementary sur- 
faces of certain peptides,!°?4 Rebek’s molecule exhibits 
self-complementarity or “templating” and thus provides a mini- 
mal system for replication. Illustrated schematically and as a mo- 
lecular diagram in Figure 4.6, the sigmoid line represents the in- 
termolecular contact between the two complementary and identi- 
cal “AB” components. These units can be further broken along 
the jagged line into two different, yet complementary, pieces, “A” 
and “B”. The cycle of self-replication is strongly reminiscent of 
the several mechanical block replicators described in Chapter 3. 
In this case, molecule AB (imide amide) catalyzes its own forma- 
tion from its simpler components, A (aminoadenosine amine) and 
B (pentafluorophenyl imide ester), and this reaction then causes 
the two AB units to disengage, each ready to resume replication 
with the next partners — a close molecular analog of the simple 
Penrose block model (Section 3.3). 

Molecular self-replication has continued to be studied and dis- 
cussed by chemists.'3°7!9”? There are many variants of autocata- 
lytic networks, such as those investigated both experimentally and 
theoretically by Bagley et al,'03°"!°? Banzhaf et al,!9!°8 Boerlijst 
and Hogeweg, 44169? Cousins et al,!©4° Farmer et al,!628-163° 
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Ganti, 41-1646 Ghadiri et al,!9821984 Hofbauer and Sigmund, 6“ 
Kauffman, !625-!628 Rasmussen, 48 Rossler,!? Schuster, Stadler 
et al, 1651-1656 Stassinopoulos et al, '©71658 Varetto,!©? von 
Kiedrowski,!961:1967166 and Wachtershauser.'©*! One well-devel- 
oped example of autocatalytic networks is the theory of 
hypercycles'°"19° as first postulated by German biochemist 
Manfred Eigen.'°°7'°° Hypercycles are a connected network of 
functionally coupled, self-replicating chemical entities. Hypercycle 
reactions are interdependent, so no single reaction can be so suc- 
cessful that it drives out the other functions of a cycle — it is, in 
effect, a balanced ecosystem. Ghadiri'** reported a self-replicating 
peptide in 1996, showing that a 32-amino-acid peptide, folded into 
an alpha-helix and having a structure based on a region of the yeast 
transcription factor GCN4, can autocatalyze its own synthesis by 
accelerating the amino-bond condensation of 15- and 17-amino-acid 
fragments in solution. In 2001, a chiroselective peptide replicator 
was also demonstrated,'©7! and Ghadiri’s laboratory has studied more 
complicated autocatalytic cycle networks, !98*!>** Ir is unknown how 
complex such assembly cycles may be made, but Ghadiri has inves- 
tigated a self-replicating 256-component molecular ecosystem in- 
corporating ~32,000 possible binary interactions.!°” 

Self-ligating polynucleotide systems!90* 1997137 also are known, 
showing that autocatalytic systems based on specific ligation reac- 
tions are possible. For example, the simple and successful self-rep- 
licating molecular system described by von Kiedrowski!?”? uses a 
single-stranded DNA hexamer and its two trimer fragments, dem- 
onstrating (as with Ghadiri’s replicating peptide) a polymer that 
catalyzes its own formation from two fragments. Template-based 
enzyme-free self-replication of nucleotide analogs,'©!’ RNA,'°”? 
or longer DNA sequences!*”4 has been shown. A polynucleotide 
system based on a ribozyme polymerase able sequentially to add 
the correct nucleotides (and thus copy itself) has also been pro- 
posed,!°” and in 2001 Bartel et al??™* synthesized a ribozyme (it- 
self 189 nucleotides in length) that can make complementary 
copies of RNA strands up to 14 nucleotides long, regardless of 
sequence, with 98.9% accuracy. Paul and Joyce!*’* developed a 
self-replicating system based on a ribozyme that catalyzes the as- 
sembly of additional copies of itself through an RNA-catalyzed 
RNA ligation reaction — in particular, the R3C ligase ribozyme 
(size ~200 nucleotides or ~68,600 daltons) was redesigned so that 
it would ligate two substrates to generate an exact copy of itself, 
which then would behave in a similar manner. (The autocatalytic 
rate constant was 0.011 min” whereas the initial rate of reaction 
in the absence of pre-existing ribozyme was only 3.3 x 1071! 
M-min‘!.) In principle, such autocatalytic polynucleotide sys- 
tems!361-1367,1373 could be combined with the elaborate 
DNA-based 3-dimensional structures, switches and motors pro- 
duced by Nadrian Seeman’s group, !4941437:1440-1446 Ja eger’s 
tectoRNA geometrical figures,!°’>!°’8 or the protein-based 3-di- 
mensional “nanohedra” of Padilla et al'®”? to create even more 
complex self-replicating molecular machines. 


4.2 Ribosomes: Molecular Positional Assembly 
for Self-Replication 

In 1981, Drexler’”” pointed out that complex devices resem- 
bling biomolecular motors, actuators, bearings, and structural com- 
ponents could be combined to build versatile molecular machine 
systems analogous to machine systems in the macroscopic world, 
and then concluded: “Development of the ability to design protein 
molecules will open a path to the fabrication of devices to complex 
atomic specifications, thus sidestepping obstacles facing conventional 
microtechnology. This path will involve construction of molecular 
machinery able to position reactive groups to atomic precision.” 
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Figure 4.7. The ribosome acts as a programmable nanoscale assem- 
bler of protein nanoproducts.”78 


The best-known biological example of such molecular machin- 
ery is the ribosome, the only programmable nanoscale positional 
assembler currently in existence.* Numbering ~10°-10’ units per 
living eukaryotic cell and ~20,000 units per prokaryotic (bacterial) 
cell,!©? ribosomes act as general-purpose factories building diverse 
varieties of proteins by bonding amino acids together in precise se- 
quences under instructions provided by a strand of messenger RNA 
(mRNA) copied from the host DNA (Figure 4.7), with energy for 
ribosome movement along the mRNA tape provided by the hy- 
drolysis of guanosine triphosphate (GTP).!©”? (The loading of trans- 
fer RNAs (tRNAs) with new amino acids by tRNA synthetase is 
powered by the conversion of ATP to AMP).!°*° Each ribosome is a 
compact ribonucleoprotein machine consisting of two subunits that 
fit snugly together, with each subunit consisting of numerous pro- 
teins associated with a long RNA molecule (rRNA). In mammalian 
cells, ribosomes are ~25 nm in diameter. The complete mammalian 
80S ribosome unit has a total mass of 4.2 million daltons, includ- 
ing 2.8 million daltons for the large (-23 nm diameter) ribonucle- 
oprotein 60S subunit containing 4998 bases and 49 proteins, and 
1.4 million daltons for the small (-9 nm diameter) ribonucleopro- 
tein 40S subunit containing 1874 bases and 33 proteins.'®* The 
80S unit is 60% rRNA by mass.'® Unlike other cellular poly- 
merases, the ribosomal mechanism of action appears to depend al- 
most entirely on the rRNA component; that is, ribosomes are giant 
ribozymes, 1081-1684 

Bacterial ribosomes (Figure 4.8) measuring ~20 nm in diameter 
have been the most extensively investigated.'°°* The complete bac- 
terial 70S ribosome unit is 66% rRNA by mass and is formed by the 
association of the large 50S subunit and the small 30S subunit through 
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a network of intermolecular bridges.'° The large 50S subunit con- 
tains one 23S rRNA molecule composed of 2904 nucleotide bases 
and one 5S rRNA molecule composed of 120 bases, both embedded 
in a framework of 31 structural proteins which are located mainly at 
the periphery. The small 30S subunit contains one 16S rRNA mol- 
ecule composed of 1541 bases embedded in a framework of 21 simi- 
larly mostly peripheral structural proteins.!0”!6 

The full crystal structures of the core components of this bio- 
logical machine were mapped to 0.55 nm accuracy in 2001 and 
are available for our inspection.'6°819° Figure 4.9 shows the 
nucleotide base layout (top) and 3-D folded structure (bottom) 
of the 23S rRNA (I to VI) and the 5S rRNA comprising the large 
50S subunit. Figure 4.10 shows the nucleotide base layout (left) 
and 3-D folded structure (right) of the 16S rRNA comprising 
the small 30S subunit. The core of the bacterial ribosome con- 
sists of 4565 “molecular parts” (nucleotide bases) of only four 
different “parts types” (the nucleotide bases A, C, G, and U), and 
the supporting protein structural framework of total mass ~0.85 
MDa! is constructed of 52 distinct proteins composed of ~6025 


Small subunit 


Protuberance 


Complete ribosome 


Figure 4.8. General 3-D topography of the bacterial ribosome: side 
(left) and bottom (right) views of the small 30S subunit (top), the 
large 50S subunit (middle), and the complete 70S ribosome unit 
(bottom). (from Genes V by Benjamin Lewin (1994), by permission 
of Oxford University Press www.oup.com!©9) 


* There are three distinct types’®’ of ribosome — eubacterial, archaebacterial and eukaryotic — and multiple subvarieties among the ~10° different species on Earth. 
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Figure 4.9. Nucleotide base layout (A) and 3-D folded structure (B) of the 23S rRNA and the 5S rRNA, comprising the large 50S subunit. 1688 


(courtesy of Yusupov et al) 


amino acid residue “parts” (assuming ~0.1411 kD/residue!®®°) of 
20 different “parts types.” Thus we may say that the bacterial 
ribosome assembler is a partially self-replicating machine that is 
built of ~10,590 “molecular parts” and 24 different “parts types.” 
(Using the same counting method, the mammalian ribosome has 
~18,780 parts.) These totals do not count the external support- 
ing environment which includes tRNA “parts holders” and 
aminoacyl-tRNA synthetase “parts holder reloaders” of 20 differ- 
ent types each, various elongation factors that cyclically associate 
and dissociate with the ribosome, rRNA polymerase enzymes that 
construct both mRNA “instruction tapes” and rRNA feedstock 


molecules via transcription, various chaperone molecules to as- 
sist in proper protein folding, and the mRNA instruction tape 
itself. Note that because the ribosome cannot produce its own 
most important component, rRNA, the ribosome is not a fully 
self-contained self-replicating machine, but may most precisely 
be regarded as the key component of a self-replicating system. 
During assembly operations (aka. “translation”), the space be- 
tween the subunits is largely occupied by tRNAs (measuring ~6 nm 
wide x ~6 nm tall), whose anticodons base pair with mRNA codons 
in the small 30S subunit. The 3’-CCA end of each tRNA “parts 
holder” molecule, which carries the growing polypeptide chain and 
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Figure 4.10. Nucleotide base layout (A) and 3-D folded structure (B) of the 16S rRNA, comprising the small 30S subunit.!688 (courtesy 


of Yusupov et al) 


grasps the incoming amino acid “molecular part,” reaches into the 
large 50S subunit — the location of the peptidyl transferase cen- 
ter where peptide bond formation is catalyzed. In bacteria at 37 
°C, 15-40 amino acids per second are added to the growing 
polypeptide chain!®1? with an overall error rate of -0.05% 
per codon that is largely due to mistaken tRNA recognition. '°? If 


the bacterial ribosome’s ~4.2 x 107! kg mass consisted entirely of 
proteins, then this simple biological assembler could (very loosely) 
be said to have a self-replication time of order 270-710 sec — the 
time required to synthesize its own mass, in proteins. In eukaryotes 
the rate of protein synthesis is often lower, sometimes as slow as ~2 
residues/sec.'°? 
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How does the ribosome molecular assembler work? Many de- 
tails are now known, !©8?!%° but we have space here to offer only 
the most cursory summary. The ribosome has within its physical 
structure three active stations — the A site, the P site, and the E site 
— through which all tRNAs must pass, in sequence (A > P — £), 
during translation:'°? 

The A site (or entry site), is the only site that can be entered by 
an incoming tRNA with an amino acid attached to it, called an 
aminoacyl-tRNA. The particular desired tRNA (of 20 possible types, 
one for each amino acid type) must be discriminated from all its 
tRNA brethren along with whatever other solutes can fit into the 
A-site pocket using codons with only three base pairs for discrimi- 
nation. (In fact, most codons use only two of the three base pairs 
for recognition, so some tRNAs are recognized by as few as 4 hy- 
drogen bonds).'°” At the start of translation, the ribosome posi- 
tions itself over the mRNA tape so as to expose to the A site the 
codon on the tape that represents the next amino acid due to be 
added to the chain. 

The P site (or donor site) lies over the mRNA 
codon representing the most recent amino acid 
to have been added to the growing polypeptide 
chain. This site is occupied by a tRNA to which 
the growing polypeptide chain is attached, called 
a peptidyl-tRNA. 

The E site (or exit site) holds a tRNA from 
which all peptide and amino acid has been re- 
moved, called a deacylated tRNA. While the E 
site is occupied, the affinity of the A site for 
aminoacyl-tRNA is greatly reduced, preventing 
the next aminoacyl-tRNA from entering before 
the ribosome is ready. This site is transiently oc- 
cupied by the tRNA en route between leaving 
the P site and being released from the ribosome 
back into the cytosol. Once released, an appro- 
priate aminoacyl-tRNA synthetase enzyme at- 
taches to the deacylated tRNA,!®® adds the ap- 
propriate amino acid, then detaches, leaving be- 
hind a refreshed aminoacyl-tRNA that is ready 
to cycle again. 

Figure 4.11 shows schematically the addition 
of a sixth amino acid (aaG) to a growing peptide 
chain that is already 5 residues long. During the 
next translation cycle the new aminoacyl-tRNA 
bearing the amino acid “aa6” enters the A site 
and is secured. Next, the existing polypeptide is 
transferred from the peptidyl-tRNA in the P site 
to the aminoacyl-tRNA in the A site, forging a 
new peptide bond (via peptidyl transferase ac- 
tivity on 238168!) between aa5 and aa6. The 
deacylated tRNA moves from the P site to the 
E site; the ribosome translocates one codon to 
the right (~1.3 nm!©9?) along the mRNA tape, 
moving the new peptidyl-tRNA from the A site 
to the P site; the deacylated tRNA is ejected from 
the E site; and the A site is now empty and ready 
to accept the next aminoacyl-tRNA. Observe 
that all peptide “parts” and their tRNA “parts 
holders” (analogous to fixture-based replication; 
Section 5.1.8) are geometrically confined to spe- 
cific locations during all key steps in transla- 
tion, and chemical reactions that form covalent 
bonds are restricted to a specific site and are 
digitally sequenced. The ribosome — in effect 
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a digitally-controlled mechanical ratchet'®* in which peptide 


bond formation is driven by the codon-anticodon interaction 
— exhibits true positional assembly of molecular parts. There is 
even a special mechanism (tmRNA!) to unjam and restart ri- 
bosomes that have become stalled on broken mRNA tapes. 

Interestingly, the ribosome itself is assembled via self-assembly 
in a series of sequential reactions in which groups of proteins (built 
by ribosomes) associate with rRNA (made by RNA polymerases I 
and III,!7°'"!7° themselves 500-600 kD protein-based enzymes'©*° 
built by ribosomes), and the structure then folds so that the next 
group of proteins can join.!7°417°° Hence the ribosome requires 
both self-assembly and positional assembly in order to achieve its 
own self-replication. (In a different context, “mechanically as- 
sembled monolayers” or MAMs have been fabricated by combin- 
ing the self-assembly of surface grafting molecules with mechani- 
cal manipulation of the grafting points in the underlying elastic 
surface) .!7°7 


if Codon "n+ 1" 
/ Asite is entered 
by aminoacyl-tRNA 


—=»>> Ribosome movement 


Before peptide bond formation 
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Peptide bond formation 
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to aminoacyl-tRNA in A site 
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moves ribosome one codon; 
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deacylated tRNA leaves via E site; 
A site is empty for next aa-tRNA 


Figure 4.11. Cycle of positional assembly for the ribosome. (from Genes V by Ben- 
jamin Lewin (1994), by permission of Oxford University Press www.oup.com 
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Other bioassembler units such as polyketide synthases and 
nonribosomal peptide synthetases'”°*!7!° also exist and are being 
engineered,'7'!"!7!° but these enzymes generally only make one type 
of product per assembly. Loosely speaking, some bacteria produce 
polyketides in a Detroit-like assembly-line fashion.'7!*!””? These 
microbes contain dozens of modular enzymes, each of which assembles 
one component of the polyketide and then passes it along to the next 
enzyme in the sequence, eventually resulting in the complete synthe- 
sis. These modular synthase chains can be engineered.'7'*!7!7 


4,3 Natural Biological Replicators 

Biology has given rise to many different forms of self-replica- 
tion, from simple to complex. The logical similarities between liv- 
ing organisms and von Neumann's kinematic automaton have been 
noted by Sugita®!“ and others, and there is clearly also the possibil- 
ity of engineering artificial versions of these natural systems, espe- 
cially artificial cellular replicators (Section 4.4). Investigations of 
artificial molecular replicators might also lead to new insights into 
the origin of life on Earth.'7*!7”* For example, Dyson**”” has sug- 
gested that Earth life might have originated by a symbiotic combi- 
nation of two very different kinds of replicators — non-Mendelian 
replicating oil droplets enclosing homeostatic metabolic chemical 
systems that absorbed raw materials from their surroundings, and 
initially-parasitic molecules of DNA that infected the droplets and 
took advantage of the existing metabolic machinery in order to re- 
produce. Compartmentalization is generally regarded as useful for 
replicative machinery.'””? Woese'7*° notes that key steps in the ori- 
gin of life — called crossing the “Darwinian Threshold” — include 
the incorporation of information storage and feedback mechanisms 
in supramolecular prebiotic assemblies. 

Natural biological replicators include pure protein forms (prions), 
pure nucleotide forms (viroids), protein-encased nucleotide forms 
(viruses), and more complex cellular forms (prokaryotes and eu- 
karyotes). Besides simple unit replicators, biology also exemplifies 
factory-like modes of replication in which two or more separate 
entities cooperate symbiotically to achieve replication of the whole. 
In some cases, such as the mitochondrion (Section 4.3.7), the sym- 
biosis has become obligate for all parties — the mitochondrion alone 
cannot replicate itself (via growth and fission) outside of the cell 
because it requires the assistance of cell-supplied proteins and lip- 
ids, and the cell alone cannot replicate itself because it needs the 
mitochondria to produce ATP, the principle intracellular energy 
molecule. Even in viruses where the relationship with infected hosts 
is usually obligate only for one party (the virus) and is usually con- 
sidered parasitic, examples of mutually obligate virion-eukaryote 
symbiotes are known.'””’ In other cases, the symbiosis may be merely 
facultative. For example, lichens'”**"'79! are two- or three-way sym- 
bionts of fungi (the mycobiont), algae (the photobiont), and some- 
times also cyanobacteria (a photobiont and nitrogen source) com- 
bined into a single body (the thallus). Each of the three compo- 
nents is an independently viable replicator, but by combining to- 
gether the system can inhabit a wider variety of environments. The 
several hundred Chlorella algae which are dispersed throughout the 
cytoplasm of Paramecium bursaria are another example of faculta- 
tive symbiosis among independent cellular replicators.!7*” 


4.3.1 Prions 

Prions have been described by Prusiner’’”’ as “the only known 
example of infectious pathogens that are devoid of nucleic acid. All 
other infectious agents have genomes composed of either RNA or 
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Figure 4.12. Schematic image of mouse prion domain PrP(121-321); 
image originally prepared and courtesy of Martin Billeter and Roland 
Riek.' 


DNA that direct the synthesis of their progeny.” In mammals, prions 
(Figure 4.12) replicate by recruiting normal cellular prion protein 
and stimulating its conversion to the disease-causing prion isoform 
(e.g., “scrapie prion”).'”*? Modified (pathogenic) prion protein acts 
as a template upon which normal prion protein is refolded into a 
nascent modified protein through a process facilitated by another 
protein.!7*4 

The normal cellular prion protein is converted into modified 
protein through a post-translational process during which it acquires 
a high beta-sheet content.!”*4 In particular, the polypeptide chains 
of normal prion and scrapie prion are identical in composition but 
differ in their 3-dimensional folded structures: normal prion is rich 
in alpha helices (spiral-like formations of amino acids) with few 
beta sheets (flattened strands of amino acids), whereas scrapie prion 
is poorer in alpha-helices and has many more beta-sheet domains. !7% 
This structural transition from alpha-helices to beta-sheet in prion 
protein is apparently the fundamental event underlying prion dis- 
ease.* '799 Since scrapie prions can induce ordinary prion protein to 
refold into more scrapie protein, they represent an example of a 
self-replicating molecule!*°*!73°'7%8 that employs a self-replicating 
geometry roughly analogous to the Penrose blocks (Section 3.3). 
The fastest-reported prion refolding event measured to date'”°? is 
for mPrP(121-231), the ~15.7 kD structured 111-residue domain 
of the murine cellular prion protein PrP© (a strongly conserved cell 
surface glycoprotein totaling 231 amino acids in size), and occurs 
without kinetic intermediates at an extrapolated rate at 4 °C of 4000 
sec! (~170 microsec half-life). 

Prions are responsible for the transmissible spongiform encepha- 
lopathies (TSEs) including mad cow disease, scrapie, and the hu- 
man Creutzfeldt-Jakob disease. 


4.3.2 Viroids 

Subviral plant pathogens first discovered in 1971,'741 viroids and 
viroid-like RNAs!” are small, single-stranded, closed-circuit RNA 
molecules existing as highly base-paired rod-like structures (Figure 
4.13) without protein coats (i.e., without capsids). Viroids typically 
contain 246-401 nucleotides,!”4“3 have mass ~100 kD, have a com- 
pact secondary structure, lack mRNA activity, !”“ and replicate au- 
tonomously (Figure 4.14) when inoculated into their host plants. 1743 


* The abnormal isoform also differs physically from the normal cellular isoform by its insolubility in detergents, its propensity to aggregate, and its relative resistance to 
breakdown by hydrolysis.’”“° Limited proteolysis of scrapie prion produces a smaller and protease-resistant molecule of approximately 142 amino acids which polymerizes into 
amyloid.1’? Prions also appear to encode strain-specific properties in the tertiary structure of the modified prion protein.” 
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Figure 4.13. Viroid structure.!74° (a) Schematic representations of 
the thermodynamically optimal secondary structures of the patho- 
genicity domain (nucleotides 36-67 and 292-325) of several infec- 
tious potato spindle tuber viroid variants; (b) Two-dimensional rep- 
resentations of their respective three-dimensional structure, assuming 
a standard A-type RNA helix with the helix axis bent to compensate 
for missing nucleotides in asymmetrical loops; helix axes shown by 
dashed lines.'” (courtesy of R.A. Owens) 


Figure 4.14. Schematic of the symmetric pathway of viroid replica- 
tion, courtesy of Demin Zhou.'”“° Starting with the positive viroid 
(top circle), a complimentary multimeric copy is first created with 
RNA polymerase via rolling circle replication. Next, the negative 
multimer self-cleaves by hammerhead ribozymes into a single linear 
monomer followed by (possibly autocatalytic) ligation. The process 
then repeats itself for the complementary strand, completing the 
cycle and regenerating the viroid.'”“° Some viroids follow an alter- 
native asymmetric pathway in which cleavage of multimers is not 
autocatalytic. 


Viroids replicate themselves only in an intracellular environment. 
Notes Flores!” in a recent review: “In contrast to viruses, viroids 
do not code for any protein and depend on host enzymes [e.g., a 
specific RNA-dependent RNA polymerase] for their replication, 
which in some viroids occurs in the nucleus [usually in nucleoli] 
and in others [occurs] in the chloroplast, through a rolling-circle 
mechanism with three catalytic steps. Quite remarkably, however, 
one of the steps, cleavage of the oligomeric head-to-tail replicative 
intermediates to unit-length strands, is mediated in certain viroids 
by hammerhead ribozymes that can be formed by their strands of 


Kinematic Self-Replicating Machines 


both polarities. Viroids induce disease by direct interaction with 
host factors, the nature of which is presently unknown. Some prop- 
erties of viroids, particularly the presence of ribozymes, suggest that 
they might have appeared very early in evolution and could repre- 
sent ‘living fossils’ of the precellular RNA world that presumably 
preceded our current world based on DNA and proteins.” Along 
with human hepatitis delta virus (VHDV), viroids are the smallest 
known natural auto-replicable RNAs!” or “autonomous repli- 
cons”,!747:1748 (Spiegelman’s mutant molecule (Section 5.5) is a 
slightly smaller RNA strand but requires a very specialized unnatu- 
ral environment in which to replicate.) 

Viroid replication rate following the symmetric pathway can be 
crudely estimated by applying the 50-100 nucleotide/sec rate con- 
stant typical of bacterial RNA polymerases to the 246-401 viroid 
bases, then adding two hammerhead- or RNAase-mediated cleav- 
ages of intermediates which occur at a 1.5 min’! rate (~40 sec per 
cleavage),!”"” gives an estimated ideal viroid replication time of 
~ 80-90 sec. 

Computer simulations of viroid folding pathways'””° are the first 
step towards the rational design of artificial viroids. 


4.3.3 Viruses 

Viruses are acellular bioactive parasites that attack virtually ev- 
ery form of cellular life??? and which cannot replicate except in the 
presence of a biological host cell. Viruses have diameters ranging 
from 16-300 nm!”?! — for example, poliomyelitis ~-18 nm, yel- 
low fever ~25 nm, influenza ~100 nm, herpes simplex and rabies 
~125 nm, and psittacosis ~275 nm.'’” Their shape is either 
pseudospherical with icosahedral symmetry, as in the poliomyelitis 
virus, or rodlike, as in the tobacco mosaic virus (TMV). Viruses 
consist of a core of RNA (most plant viruses and animal viruses 
such as the rhinoviruses, polio and flu viruses, and all retroviruses) 
or DNA (most bacterial and some animal viruses), but never both. 
This nuclear material is surrounded by a protein coat called a capsid, 
a quasi-symmetrical structure assembled from one or only a few 
protein subunits called capsomeres. A virus surrounded only by 
capsid is a naked virus; some viruses acquire a lipid membrane en- 
velope from their host cell upon release, and are then called envel- 
oped viruses. Attached to the capsid are other protein structures 
necessary for host infection, especially attachment or docking pro- 
teins and most importantly the ATP-powered DNA packaging motor 
(Section 4.5) that stuffs viral genetic material into the viral 
capsid.'”°?!” The interior capsid volume is usually only slightly 
larger, and never more than twice as large, as the volume of the 
enclosed nuclear material.!°? For instance, the adenovirus (one fam- 
ily of viruses that causes the common cold in humans) is an icosa- 
hedral particle ~70 nm in diameter (~180,000 nm?) containing one 
double-stranded DNA molecule ~11 microns (~35,000 bases or ~ 107 
daltons) in length (~15,000 nm?), giving a composition of approxi- 
mately 92% protein and 8% DNA by volume. By comparison, the 
TMV has 5% nucleic acid, the bushy stunt virus 17%, and the 
tobacco ringspot virus has 40%.!7° 

Bacteriophage viruses, first employed therapeutically against 
bacteria by d’Herelle in 1922,!7°° have recently been used as 
self-replicating pharmaceutical agents.'”*” One of the best-studied 
examples of the bacteriophages is the T4 virus (Figure 4.15). Like 
all viruses, T4 replicates primarily by self-assembly!”°*!” in the 
final stage, albeit with the assistance of co-opted host-cell ribo- 
somes (Section 4.2) — which are positional-assembly style de- 
vices — to make the “parts”. (Self-assembly and positional assem- 
bly are distinguished in the introduction to Chapter 4). The 
syringelike, 100-nm long, 20-nm wide cylindrical T4 tail assem- 
bly, made of 15 different proteins joined in 24 annular segments 
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Figure 4.15. T4 bacteriophage virus.'”° Copyright 1965 Scientific 
American; online image courtesy Nanomedicine Art Gallery, Image 
101; http://www.foresight.org/Nanomedicine/Gallery/Captions/ 
Image101.html. 


with an 8-nm inside bore, has a set of small fibers near the tip that 
attach to the plasma membrane of the host cell. After a 
lysozyme-like enzyme opens a breach in the host cell wall, the tail 
sheath thickens and contracts,!’° inserting a ~2.8 megadalton 
hollow core protein nanotube (80 nm long, 7 nm wide, 2.5 nm 
inside bore) through the host cell integument. The protein 
nanotube is then uncorked in response to chemical signals, and 
large-molecule (mostly putrescine and spermadine) pressuriza- 
tion of ~30 atm ejects a single 70-micron long, 2-nm wide DNA 
thread (~50% of T4 head volume) through the 2.5-nm nanotube 
aperture and out into the cell typically in ~3 seconds, a mean 
flow velocity of ~23 microns/sec.!”°4 (Phage DNA is mechani- 
cally packed into capsids by molecular motors).* !7*° The 
double-stranded DNA thread rotates ~4000 times around its axis 
as it emerges.'”°° Under optimum conditions, initial injection ve- 
locity may start as high as 360 micron/sec with a minimum injec- 
tion time of 0.23 sec.!”°4 Once inside the host cell, the virus (spe- 
cifically, its genetic material) uses the cell’s machinery, including 
some of the cell’s enzymes, to generate virus parts and the 168 
kilobase T4 genome, |’° which self-assemble into new T4 virus 
particles (Figure 4.16). The phage head, tail, and tail fibers are 
assembled via independent pathways, and then are joined to form 
the complete virus.'”°” A single Escherichia coli bacterium injected 
with a single T4 phage virion at 37 °C in rich media lyses after 
25-30 minutes (the first completed virus particle, est. mass ~0.3 fg, 
materializes ~13 minutes post-infection'”°8), releasing 100-200 
phage particles that have replicated themselves inside the cell.** 17° 

Thus the general logic of viral replication (Figure 4.17) ap- 
pears to be to impose the exogenous viral “data tape” upon the 
cellular manufacturing machinery. This captive machinery fabri- 
cates all viral parts more or less simultaneously, whereupon these 
parts then self-organize by making use of prearranged conforma- 
tional switching (Section 4.1.5) of the physical structure of parts 
and subassemblies as they self-assemble into new complete virion 
particles. 
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Figure 4.16. Self-assembly of bacteriophage T4 in ordered sequence 
from its individual component parts.'’° (Copyright 1965 Scientific 
American) 


4.3.4 Prokaryotic Cells 

Bacteria are unicellular microorganisms capable of independent 
metabolism, growth, and replication,'7”! but lacking a distinct 
nucleus (prokaryotes). Their shapes are generally spherical or ovoid 
(cocci), cylindrical or rodlike (bacilli), and curved-rod, spiral or 
commaz-like (spirilla). Bacilli may remain associated after cell divi- 
sion and form colonies configured like strings of sausages. Bacteria 
range in size from 0.2-2 microns in width or diameter, and up to 
1-10 microns in length for the nonspherical species. The largest 
known bacterium is Thiomargarita namibiensis, with spheroidal di- 
ameters from 100-750 microns.'’”” Spherical bacteria as small as 


* Here we are describing only one well-known process of bacterial-assisted replication of an extensively studied bacterial virus. R. Bradbury notes that there are human viruses 
such as CMV and HSV that contain more than an order of magnitude more DNA and have a correspondingly more complex life cycle and assembly process. 


** This describes only the lytic cycle of viral reproduction. In the alternative lysogenic cycle of some bacteriophage viruses, the phage’s DNA inserts itself into the bacterial 
chromosome, becoming a “prophage.” A host cell that carries a prophage has the potential to lyse, thus is called a lysogenic cell. 
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Figure 4.17. Virus replication strategies, courtesy of Alan J.Cann.!7”° 


Viruses use different replication strategies for different genome types, 
of which there are eight (arbitrary) groups: I: Double-stranded DNA 
(Adenoviruses; Herpesviruses; Poxviruses, etc); II: Single-stranded 
(+)sense DNA (Parvoviruses); III: Double-stranded RNA (Reovi- 
ruses; Birnaviruses); I[V(a/b): Single-stranded (+)sense RNA (Picor- 
naviruses; Togaviruses, etc); V: Single-stranded (-)sense RNA 
(Orthomyxoviruses, Rhabdoviruses, etc); VI: Single-stranded (+)sense 
RNA with DNA intermediate in life-cycle (Retroviruses); and VII: 
Double-stranded DNA with RNA intermediate (Hepadnaviruses). 


50-500 nm in diameter have been reported.!””> It has been theo- 
rized that the smallest possible cell size into which the minimum 
essential molecular machinery can be contained within a membrane 
is a diameter on the order of ~40-50 nm,!74 though the current 
consensus among biologists is that a somewhat larger minimum 
size may be required (Section 5.3). Many spherical bacteria are ~1 
micron in diameter; an average rod or short spiral cell is ~1 micron 
wide and 3-5 microns long. Each bacterial cell consists of a mass of 
protoplasm enclosed within the usual thin lipid bilayer plasma mem- 
brane. Most Gram-positive bacteria are surrounded by a thick, me- 
chanically strong but porous peptidoglycan cell wall. Gram-nega- 
tive bacteria like E. co/i surround themselves with an additional 
two-layer coat atop the peptidoglycan layer. 

Bacterial cells possess small internal vacuoles, ribosomes, gran- 
ules of stored food, and usually one or more externally-attached 
flagella, but have no internal membranous surfaces, no internal 
organelles (although some functional compartmentalization does 
exist!7”°), and no distinct nucleus. A single circular chromosome 
is organized into one or more compact aggregates, called nucle- 
oids, that may occupy about one-third of cell volume.'%? E. coli, 
a well-studied cylindrical bacterium typically measuring 0.65 mi- 
crons wide and 1.7 microns long (cell volume ~ 0.6 micron’), has 
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Figure 4.18. Rod-shaped E. co/i bacteria undergoing cell divi- 
sion. (hemorrhagic £. coli, strain 0157:H7 (division) (SEM 
22,810X); image copyright Dennis Kunkel Microscopy, Inc. at 
www. DennisKunkel.com, used with permission.) 


one double-stranded DNA chromosome that measures -1.3 mm 
(~4.2 megabases or ~ 10° daltons) in length (strand volume ~ 0.002 
micron’), organized in ~40 kilobase loops,!%? during resting phase. 

During binary fission (Figure 4.18), the normal method of bac- 
terial self-replication, the bacterium starts with its genetic material, 
a circular chromosome of DNA, attached at one spot on the inner 
cell membrane, but otherwise fairly loose inside the cell. Chromo- 
somal replication!’”° begins at a specific sequence of nucleotides 
called the origin. Enzymes called helicases recognize this specific 
sequence, bind to this site, and begin unwinding the DNA by break- 
ing the hydrogen bonds that hold the double strand together, creat- 
ing a “replication fork.” Single-stranded binding proteins attach in 
chains along the separated strands for stabilization and to prevent 
rewinding. After the enzyme primase creates a short priming se- 
quence, highly reactive free nucleoside triphosphates in the cyto- 
plasm begin pairing up with their complementary bases on the ex- 
posed parental strand. Once properly aligned, the triphosphates are 
joined to the growing strand by an enzyme called DNA polymerase 
which catalyzes the hydrolysis of the phosphates as the nucleotide is 
added to the strand, forming a phosphodiester bond. 

The polymerase continues around an entire strand until the dupli- 
cate copy is complete. The two duplicate chromosomes are attached 
at different ends of the cell membrane, called “pole preference”.!7”” 
The cell continues to take in food, metabolizing nutrients, building 
proteins via ribosomal translation of mRNA transcripts, increasing 
its mass and elongating, causing the two points of chromosome at- 
tachment on the cell membrane to grow apart. Once the bacterium 
has reached twice its initial size, its plasma membrane thickens and 
forms a division septum,'’’® pinching inward at the center of the 
cell, the full invagination finally causing the cell to divide, with a 
new cell wall separating two now-independent “daughter cells” hav- 
ing duplicate chromosomes. When each daughter again reaches a 
threshold “parental” size, the replication cycle can begin anew. Un- 
der optimal growth conditions the cycle may take only 15-20 min- 
utes in E. colj.!77! Note that the logic of replication in bacteria is, 
first, to duplicate the information tape, and then, second, to manu- 
facture the construction engine, the same as the classical von 
Neumann kinematic replication scheme (Section 2.1.1). 

In modern biotechnology, bacteria are often employed as 
“self-replicating factories”!”’”"'78! for various useful products. 


4.3.5 Plasmids 

Plasmids'78*'789!73 are extrachromosomal elements found in 
most bacteria (and also in some eukaryotic cells). A plasmid is an 
autonomous circular DNA genome that may replicate along with 
the bacterial genome (Figure 4.19) or may be under a different type 
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Figure 4.19. Schematic of plasmid replication. 


of control.'°? Usually the genetic information found in the plas- 
mid is dispensable, contains no housekeeping genes, and thus is not 
required in bacterial everyday life.'78* Some plasmids are cryptic, 
apparently containing nothing of particular value for the cell, and 
may be considered purely “selfish DNA” — both in prokaryotic!”®4 
and eukaryotic'’* host cells. Other plasmids confer selective ad- 
vantage!7*° to the host cells under certain conditions, including, 
for instance, genes associated with virulence, antibiotics resis- 
tance,!78” metal uptake or resistance, or intercellular transfer. 

Plasmids must be replicated, their genes transcribed and their 
mRNAs translated, imposing a parasitic energetic cost (and pre- 
sumably a competitive disadvantage) on the host cell which should 
be selected out over time.!”®* However, the clever plasmid usually 
has developed means of being maintained stably in a host cell popu- 
lation, 78%!” using stability functions'’* of: (1) the partition type, 
wherein a centromere-like apparatus is used to partition plasmid 
copies so that each bacterial daughter cell (at cell division) acquires 
at least one copy; (2) the killer type, wherein plasmids encode con- 
ditional killer proteins which only are produced when a cell has lost 
a plasmid (sort of a memory function used to punish a naughty 
host cell); or (3) the site-specific recombination type, wherein en- 
zymes make two plasmids from one copy (which is a dimer), help- 
ing stability by keeping the number of plasmid molecules high 
enough for proper segregation. 

In addition, all known real plasmids carry a basic replicon, a set 
of genes and sites needed for controlling copy number.'78?"'7 
Wagner'’*? observes that plasmids have defined copy numbers (num- 
ber of molecules per cell) in given bacterial cells under given sets of 
physiological conditions. If plasmids were unable to make head 
counts and correspondingly regulate their own replication (which 
is always carried out using host enzymes), their copy numbers would 
fluctuate because of natural physiological variations. After many 
generations of growth, this would result in bacterial populations in 
which some cells might contain as little as one plasmid at cell divi- 
sion while others could carry hundreds. Such a scenario is not ben- 
eficial for a plasmid, since in the first case, one of the daughter cells 
will have lost the plasmid, in the second case the plasmid load may 
kill the host cell. Hence, plasmids have evolved copy number con- 
trol systems. Copy number control is homeostatic: a plasmid can 
“measure” its copy number in the cell, and use this information to 
affect the replication frequency at the plasmid origin of replication. 
Plasmids use different devices to accomplish this, including iterons 
(repeated DNA sequences)!7?>!”"° and antisense RNAs.!7?>"!79° 


4.3.6 Eukaryotic Cells 

The replication of eukaryotic plant and animal cells (cells hav- 
ing a distinct nucleus and organelles) is a somewhat more complex 
process than for prokaryotes (cells having no distinct nucleus or 
membrane-enclosed organelles), following a tightly controlled cell 
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cycle program!”?”-!8° with well-defined phases (Figure 4.20). There 
are even checkpoints'®°? to verify that each phase has been success- 
fully completed, and if not, the cell may be compelled to self-de- 
struct (e.g., undergo apoptosis!®"*). Eukaryotes span a considerable 
size range. For example, most human cells measure between 2-120 
microns in diameter.””* 

Cells not currently replicating are said to be in the GO phase, 
and begin the replicative process by entering the cell cycle at the 
first “gap” or G1 phase. G1 phase typically lasts 6-12 hours and 
is the first growth phase, during which time the cell increases its 
mass and both RNAs and proteins are synthesized, but there is 
no DNA replication. Following G1 (and after passing a com- 
mitment checkpoint) is the “synthetic” S phase, lasting 6-8 hours, 
wherein new DNA is synthesized and the existing chromosome 
set is duplicated.'8° (Note that a few plant eukaryote reproduc- 
tive cycles include complete organisms that are haploid, not dip- 
loid).!8°° The cell also continues to grow during S phase. All 
this activity depletes the cell’s energy resources, so a second pe- 
riod of growth (without DNA synthesis) follows, called the sec- 
ond “gap” or G2 phase, lasting 3-4 hours. Finally having rebuilt 
its physical resources (and after passing another commitment 
checkpoint), the cell now enters M phase or mitosis, lasting <1 
hour, whereupon the nuclear material is separated and the par- 
ent cell divides into two daughter cells. Virtually all biochemical 
synthesis activities come to a halt during M phase.'®°” The daugh- 
ter cells are born into G1 phase, and may either proceed through 
another replicative cell cycle or may exit the cycle and enter the 
noncycling GO phase. 

Mitosis'8°*'8!° itself is a highly structured process involving sev- 
eral distinct phases (Figure 4.21) and checkpoints'®!!"'8! of its own, 
including: 

Interphase — all parts of the cell cycle excluding mitosis; cell 
metabolism is normal and DNA is replicated in preparation for mi- 
tosis to begin; the single centrosome replicates'8!9-1817 to form two 
centrosomes, both located outside the nucleus (animal cell cen- 
trosomes contain structures called centrioles). 

Prophase — nucleoli disappear from the nucleus; chromatin 
fibers (DNA) condense, coil tightly, and become visible as chromo- 
somes with both sister chromatids joined at the centromere; the 
mitotic spindle (made of microtubules and associated proteins) be- 
gins to form; centrosomes move away from each other, propelled by 
the lengthening of microtubular bundles. 
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Figure 4.20. The eukaryotic cell cycle. (revised from Lewin!) 
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Prometaphase — the nuclear membrane separates into frag- 
ments and then is disassembled; microtubules invade nuclear re- 
gion and interact with condensed chromosomes; spindle fibers ex- 
tend from each pole and move toward the equator; some microtu- 
bules connect to the kinetochore (a specialized attachment region 
on each chromatid which lies in the constricted region defined by 
the centromere) while other microtubules radiate to the equator. 

Metaphase — with the centrosomes at opposite ends of the cell, 
the chromosomes convene on the equatorial metaphase plate (the 
middle region); chromosome centromeres are aligned and the iden- 
tical chromatids are attached to kinetochore tubules radiating from 
each pole. 

Anaphase — paired centromeres of each chromosome divide, 
liberating sister chromatids from each other; spindle fibers shorten, 
pulling the newly synthesized chromosomes (DNA) to one end of 
the cell and the original chromosomes to the other end of the cell; 
the cell begins to pull apart. 

Telophase — non-kinetochore fibers continue to elongate the 
cell; chromosomes begin to uncoil; daughter nuclei begin to form 
(opposite of prometaphase). A cleavage furrow forms and the two 
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Figure 4.21. Schematic rep- 
resentation of the phases of 
eukaryotic mitosis. (from 
Genes V by Benjamin 
Lewin (1994), by permis- 
sion of Oxford University 
Press www.oup.com!?) 
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cells split apart, a process called cytokinesis. In animal-cell cytoki- 
nesis, a cleavage furrow appears, beginning as shallow groove in cell 
surface. On the cytoplasmic side of the furrow, a contractile ring of 
microfilaments is made from the protein actin; as the ring of mi- 
crofilaments contracts, the cleavage furrow deepens until the parent 
cell is pinched apart into two daughter cells. In plant cells, a cell 
plate forms across the equator during telophase, whereupon vesicles 
from the Golgi body are driven along microtubules to the middle of 
the cell and the subsequent fusion of vesicles forms the membranes. 

As with bacteria, the replicative logic for eukaryotes seems to be: 
Starting with one parent replicator, build enough of the constructor 
to enable tape copying, then replicate the instruction tape, then fin- 
ishing building the rest of the constructor, which is composed of many 
specialized devices like a factory (e.g., ribosomes, mitochondria, Golgi 
membranes, etc.). Once there are two instruction tapes and enough 
factory devices to comprise two complete constructors, and a suffi- 
cient reserve of stored energy, the tapes and factory devices are dis- 
tributed into two systems of roughly equal size having nearly identi- 
cal sets of components. The two identical systems are then physically 
separated, making two independent daughter replicators. 
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4.3.7 Mitochondria 

Mitochondria are energy-producing organelles present in virtu- 
ally all eukaryotic cells. After the nucleus and the endoplasmic reticu- 
lum, the mitochondrion is often the largest organelle in most ani- 
mal cells and is most likely an ancient endosymbiont'®!® of the 
eukaryotes. (Even secondary endosymbiosis, eukaryotes engulf- 
ing eukaryotes, has been found in cryptomonads'®!”"!*?! and 
chlorarachniophytes).'8*”"'®”* The typical time-averaged dimensions 
of the mitochondrion are roughly cylindrical, with a 0.5-1.0 mi- 
cron diameter and a ~3 micron length (and rarely, up to 10 mi- 
crons!®3) — about the size of a bacterium (~1 um? or ~1.2 x 10°” 
kg each). Except for plant chloroplasts, mitochondria are unique 
among organelles in having their own DNA genomes, ribosomes 
and tRNAs that are quite different from those found in the cyto- 
plasm. The interior of the mitochondrion is filled with a semifluid 
gel-like matrix that contains a concentrated mixture of hundreds of 
different enzymes related to aerobic cellular respiration and oxida- 
tion, plus several identical copies of the mitochondrial mtDNA ge- 
nome which encodes the two RNA species present in mitochon- 
drial ribosomes (12S and 16S rRNAs), a full set of transfer RNAs 
(22 genes) required for protein synthesis,!**4 and 13 polypeptide 
constituents of respiratory chain complexes.'*? The mitochondrial 
genome! ®?>!826 consists of a circular DNA molecule of ~11 million 
daltons, coding for about a dozen polypeptides. The human mtDNA 
molecule has 16,569 base pairs and a contour length of ~5 microns 
(cf. 16,831 base pairs for elephant mitochondria,!®”’ etc.). 

When cellular requirements for ATP increase, mitochondria 
pinch in half (i.e., binary fission; Figure 4.22) to increase their num- 
bers, then both halves regrow to the former full size, 828 (Doubling 
time for mitochondria in chloramphenicol-treated Tetrahymena py- 
riformis cells is ~2 hours,'*”? and 2-5 hours in Physarum polycephalum 
cells under starvation conditions).'®*° It is a process very similar to 
the replication of prokaryotes, with DNA polymerase gamma pro- 
cessing the mtDNA, except that over evolutionary timescales many 
of the genes needed for independent replication have been offloaded 
to the much larger genome residing in the eukaryotic cell nucleus. 
Thus mitochondria are self-replicating organelles, but they require 
the assistance of cell-supplied proteins and lipids. 


Figure 4.22. Schematic of mi- 
tochondrial replication.'®?! 
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This illustrates yet another interesting variant in the logic of ki- 
nematic self-replication. Just as “inherently safe” (Section 5.11) 
replicators may be created by employing the “broadcast architec- 
ture”2°8-?!0 Wherein key information (instructions) essential for rep- 
lication is exclusively provided from without, inherently safe 
replicators may also be created by employing a “vitamin architec- 
ture” in which key materials (physical components or parts) essen- 
tial for replication are exclusively provided from without. In kine- 
matic replicator theory, such key materials or components have of- 
ten been called “vitamin parts”.27!°?7! 

So, for example, if any of three specific outer membrane pro- 
teins — Mmm1p,'**? Mdm10p,'*? and Mdm12p!8*4 — are re- 
moved from a mitochondrion, then fission is not possible and the 
result is one giant parent mitochondrion instead of two smaller 
daughter mitochondria. These three proteins may be considered as 
“vitamin parts” relative to mitochondrial replication. Similarly, most 
mitochondrial lipids, the vast majority of mitochondrial proteins 
(including DNA and RNA polymerases, ribosomal proteins, 
aminoacyl tRNA synthetases, etc.),'83*183° and even the mitochon- 
drial 5S rRNA'®*” are encoded by nuclear DNA and synthesized in 
the extramitochondrial cytosol, and thus must be imported into 
the mitochondrion as additional “vitamin parts” for replication to 
occur. (See also Sections 5.6 and 5.1.9 (Al, E4, I3).) 


4.3.8 Large Metazoans 

We will not attempt to document here or to describe the many 
varied and entertaining ways in which large multicellular lifeforms 
including plants!®*"!®# and animals,!**" 18° and especially hu- 
mans!*47-184 along with their memetic’” and cultural!®!!8*” struc- 
tures, may undertake self-reproduction. However, the common rep- 
licative strategy may be crudely summarized as follows: First, manu- 
facture fertile seed(s) or egg(s); second, establish an environment in 
which the seed(s) or egg(s) can grow into a much larger, mature 
adult forms; and third, use the large adult forms to manufacture 
more seed(s) or egg(s), repeating the cycle. 

The advent of sex in reproduction (Section 5.1.9 (L1)), while 
useful in producing variation upon which evolution may work, nev- 
ertheless greatly complicates matters at the cellular level because 
two separate genomes must now be replicated, recombined, par- 
tially purged, then rejoined while keeping the final chromosome 
count constant. For example, in human females the primary oo- 
cytes in the ovaries remain in suspended development until the 
monthly onset of ovulation. At that time, during each cycle a single 
primary oocyte grows larger and completes meiosis I (separation of 
homologs): the chromosomes (two sets of 23 pairs, or 92 chromo- 
some strands, after chromosome duplication) are recombined (ge- 
netic material is swapped between strands) with their pair mem- 
bers. After that, half of the chromosomes (46 strands) are expelled 
in a “polar body,” restoring the number of copies to two (46 chro- 
mosome strands) in the remaining secondary oocyte. The polar body 
is essentially a waste receptacle that receives little more than the 
surplus chromosomes. In humans and most vertebrates, the first 
polar body does not go on to meiosis II (separation of sister chro- 
matids). Which chromosomes end up in the egg and which end up 
in the disposable polar body is entirely a matter of chance. After 
entry of a sperm cell during fertilization, the secondary oocyte com- 
pletes a second meiotic division (meiosis II), yielding a fertilized 
egg (each of which contains only a single set of 23 maternal chro- 
mosome strands, along with the 23 paternal strands contributed by 
the sperm) and throwing off a second polar body (carrying off a 
surplus set of 23 maternal chromosome strands). Avoiding the use 
of gender can enhance the safety of artificial kinematic replicators 
(Section 5.1.9 (L1)). 
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4.4 Artificial Biological Replicators (1965-present) 

Schneiker!°!? reports that as long ago as 1965, the synthesis of 
life was publicly proposed as a national goal by professor Charles 
Price, then-president of the American Chemical Society. In 1967, 
the first synthesis of infectious viral PhiX174 DNA was reported by 
Goulian et al.'®°8 In 1968 Taylor'®”? cited predictions that bacteria 
would soon be programmed. In 1970, Jeon et al!8® reassembled an 
Amoeba proteus from its major components — nucleus, cytoplasm, 
and cell membrane — taken from three different cells, demonstrat- 
ing the physical possibility of manually assembling biological 
replicators from more primitive parts. Morowitz'®*! suggested cool- 
ing cells to cryogenic temperatures in order to analyze and deter- 
mine their structure. Artificial cells might then be assembled at such 
temperatures and set in motion by thawing. Morowitz also reported 
that microsurgery experiments on amoebas “have been most dra- 
matic. Cell fractions from four different animals can be injected 
into the eviscerated ghost of a fifth amoeba, and a living function- 
ing organism results.” In 1972, Danielli!® described several possi- 
bilities for generating new lifeforms via genetic engineering and 
“life-synthesis.” 

In 1988, Richard J. Feldmann, NIH computer scientist and 
founder of Integrated Genomics Inc., argued that building a bio- 
logical organism was a reasonable goal for the scientific commu- 
nity:!8° “With exponentially increasing computer power, it will 
take far less than 80 years to be able to design and implement a 
biological system. The issue seems to be simply one of deciding we 
want to do a project like this, not the technological complexity of 
the project per se.” Others!’?3!8°4 have more recently echoed this 
goal. By 2004, more than 100 laboratories were studying processes 
involved in the creation of life.7!°” “The ability to make new forms 
of life from scratch — molecular living systems from chemicals we 
get from a chemical supply store — is going to have a profound 
impact on society, much of it positive, but some of it potentially 
negative. Aside from the vast scientific insights that will come, there 
will be vast commercial and economic benefits, so much so that it’s 
hard to contemplate in concrete detail what many of them will be,” 
recently observed Mark Bedau,*!”” professor of philosophy and hu- 
manities at Reed College in Portland, Oregon, and editor-in-chief 
of the Artificial Life Journal. 

Mushegian'*°>'8°° examined the genes present in the genomes 
of fully sequenced microbes to see which ones are always conserved 
in nature. He concluded that as few as 256!®° to 30018 genes are 
all that may be required for life, constituting the minimum possible 
genome for a functional microbe. (A comparable analysis by Fraser 
et al!8°” found a similar minimal number, 254 distinct essential 
proteins.) A single-cell organism containing this minimal gene set 
would be able to perform the dozen or so functions required for life 
— manufacturing cellular biomolecules, generating energy, repair- 
ing damage, transporting salts and other molecules, responding to 
environmental chemical cues, and replicating. Thus the minimal 
artificial microbe — a basic cellular chassis — could be specified by 
an artificial genome only 150,000 to 320,000 (assuming 1.25 kb/ 
gene'®°’) nucleotide bases in length. By early 2000, Glen Evans had 
already produced made-to-order DNA strands up to 10,000 nucle- 
otide bases in length'®®* and was striving to increase this length by 
at least a factor of ten (see below). For years, custom DNA and 
peptide sequences have been available for purchase online,!®°? and 
whole gene synthesis has been actively investigated at least since the 
mid-1970s!®” and throughout the 1980s!87!"!8” and beyond.!8”4 

An engineered full-genome DNA, once synthesized, could be 
placed inside an empty cell membrane — most likely a living 
cell from which the nuclear material had been removed. Used in 


Kinematic Self-Replicating Machines 


medicine, these artificial biorobots could be designed to pro- 
duce useful vitamins, hormones, enzymes or cytokines in which 
a patient’s body was deficient, or to selectively absorb and me- 
tabolize into harmless end products harmful substances such as 
poisons, toxins, or indigestible intracellular detritus, or even to 
perform useful mechanical tasks — although natural biological 
systems appear incapable of true universal construction.??>**! 
One private company, engeneOS,'’”? was formed in 2000 to 
pursue the construction of these artificial biological devices; in 
2001 a nascent company, Robiobotics LLC,!®”° tried to put for- 
ward a business plan to pursue “whole genome engineering” and 
to seek funding; and physicist Norman Packard has established 
another company, ProtoLife,?!? to capitalize on the new field 
of living technology: “The goal of the company is to realize the 
vision of producing living artificial cells, and also producing other 
forms of living chemistry, and then programming them to do 
useful chemical applications. The range of useful chemical func- 
tions we ultimately envision is vast,” says Packard.?!°” Luisi'®”” 
has discussed top-down and bottom-up approaches to the 
engineering of synthetic minimal living cells, and several other 
groups may be even further along in wetware'®’’® engineering. 
The European Union’s Programmable Artificial Cell Evolution 
(PACE) project, recently established with a grant of about $9 
million, was scheduled in March 2004 to open the first institu- 
tion devoted exclusively to creating artificial life, called the Eu- 
ropean Center for Living Technology, in Venice, staffed by Eu- 
ropean and U.S. researchers, according to John McCaskill, pro- 
fessor of theoretical biochemistry at Friedrich-Schiller Univer- 
sity in Jena, Germany, who is overseeing the European Union’s 
artificial life program.?!”” 

In November 2002, J. Craig Venter, of human genome-sequenc- 
ing fame, and Hamilton O. Smith, a Nobel laureate, announced!8”? 
that their new company, Institute for Biological Energy Alterna- 
tives (IBEA), had received a $3 million, three-year grant from the 
Energy Department to create a minimalist organism, starting with 
the M. genitalium microorganism. Working with a research staff 
of 25 people, the scientists planned to remove all genetic material 
from the organism, then synthesize an artificial string of genetic 
material resembling a naturally occurring chromosome that they 
hoped would contain the minimum number of MV. genitalium genes 
needed to sustain life.!8”? In this process, the artificial chromo- 
some is inserted into the hollowed-out cell which is then tested 
for its ability to survive and reproduce. To ensure safety, Smith 
and Venter said the cell will be deliberately hobbled to render it 
incapable of infecting people; it also will be strictly confined and 
designed to die if it does manage somehow to escape into the en- 
vironment.'®”? In late 2003, Venter reported the first fruits of this 
work — synthesis of the complete genome of a small (5386 base 
pairs) phi X bacteriophage virus in just 14 days.'88° 

In early 2003, Glen Evans’ new company Egea Biosciences 
may have vaulted into the lead, having been granted “the first 
[patent]!1°? to include broad claims for the chemical synthesis of 
entire genes and networks of genes comprising a genome, the ‘op- 
erating system’ of living organisms.” According to the company, 
Egea’s proprietary GeneWriter™ and Protein Programming™ 
technology has been validated in extensive proof of concept stud- 
ies and has: (1) produced libraries of more than 1,000,000 pro- 
grammed proteins, (2) produced over 200 synthetic genes and 
proteins, (3) produced the largest gene ever chemically synthe- 
sized of over 16,000 bases, (4) engineered proteins for novel func- 
tions, (5) improved protein expression through codon optimiza- 
tion, and (6) developed custom genes for protein manufacturing 
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in specific host cells. Egea’s software allows researchers to author 
new DNA sequences that the company’s hardware can then manu- 
facture to specification with a base-placement error of only ~10%, 
which Evans calls “word processing for DNA”.!8°? 

According to Egea’s patent,''** one “preferred embodiment of 
the invention” would include the synthesis of “a gene of 100,000 
bp ... from one thousand 100-mers. The overlap between ‘pairs’ of 
plus and minus oligonucleotides is 75 bases, leaving a 25 base pair 
overhang. In this method, a combinatorial approach is used where 
corresponding pairs of partially complementary oligonucleotides are 
hybridized in the first step. A second round of hybridization then is 
undertaken with appropriately complementary pairs of products 
from the first round. This process is repeated a total of 10 times, 
each round of hybridization reducing the number of products by 
half. Ligation of the products then is performed.” The result would 
be a strand of DNA 100,000 base pairs in length, long enough to 
make a very simple bacterial genome.'*** Evans says his prototype 
machine can link up 10,000 bases in two days, and that 100,000 bp 
strands might require “a matter of weeks” to synthesize using a fu- 
ture next-generation machine. !8°? “Pretty soon, we wont have to 
store DNA in large refrigerators,” says Tom Knight. “We'll just write 
it when we need it.”'88* 

The Synthetic Biology Lab at MIT’®®? is also investigating mini- 
mal organisms. One of their goals: “Dissect Mesoplasma florum and 
create a minimal organism. Mesoplasma florum is a Mycoplasma 
species with a genome size of 860,000 bp. It has been sequenced in 
collaboration with the Whitehead Institute and is being annotated. 
This organism was chosen because it is non-pathogenic, convenient 
to grow, and has a relatively small genome. The next step will be to 
build a minimal organism starting from this species by removing 
genes that are not needed and not well understood. The goal is to 
create a well-understood bare-bones organism to begin engineering 
in new desired functionality.” A few of the many useful metabolic 
pathways that might be added have been compiled at the BioCyc 
website. 15°54 

Mushegian’s results'®® suggest that the minimal autonomous 
artificial biological replicator consists of at least 300 different (pro- 
tein) “nanoparts”, multiple copies of each being assembled into a 
working biological robot. However, engineered replicators: (1) need 
not be designed for operation on diverse organic substrates, (2) 
need not be capable of self-assembly but may employ positional 
assembly techniques, (3) need not be capable of surviving muta- 
tion or evolution, and (4) need not contain (and by necessity 
maintain to high fidelity) their own description within their own 
onboard structure. Accordingly, Szostak et al'$*° have proposed a 
vastly simpler replicating protocell which would include princi- 
pally an RNA replicase — an RNA molecule that can act both as 
a template for genetic information storage and transmission and 
as an RNA polymerase that can replicate its own sequence. 188%?05! 
A single molecule cannot be both template and polymerase at the 
same time, so replication needs two RNA molecules:'*®? “A repli- 
case that acts as the polymerase, and another molecule, which could 
be either an unfolded replicase or an RNA complementary in se- 
quence to the replicase, to act as a template.” The replicase (possi- 
bly 200-300 nucleotides in size) would replicate inside a replicat- 
ing membrane vesicle, which would also contain a ribozyme that 
synthesizes amphipathic lipids (allowing membrane growth and 
maintenance). With these simplifications available to designers, it 
is likely that a positionally-assembled mechanical replicator can 
be at least as simple as Mushegian’s minimal microbe and can pos- 
sibly be designed using far fewer different kinds of parts than are 
found in this biological proof-of-concept. Similarly, there has been 
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discussion of “chemical reaction automata” as precursors for syn- 
thetic organisms,'**” synthetic lifeforms'*** and “nanobiology”,'8® 
1899 and synthetic cell biology,'®?! lymphocyte engi- 
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artificial cells 
neering, 8°? microbial engineering, 
ing'8??"19° and cell metabolic engineering. 

Engineered self-replicating bacteria are being pursued as gene 
delivery vectors by many research groups,’”°*'?'” and also as 
anti-tumor agents, as for example by Vion Pharmaceuticals in col- 
laboration with Yale University. '?'* In their “Tumor Amplified Pro- 
tein Expression Therapy” or TAPET program,'?'® antibiotic-sensitive 
Salmonella typhimurium (food poisoning) bacteria were attenuated 
by removing the genes that produce purines vital to bacterial growth. 
The tamed strain could not survive very long in healthy tissue, but 
quickly multiplied 1000-fold inside tumors that are rich in purines. 
These engineered bacterial self-replicating machines were available 
in multiple serotypes to avoid potential immune response in the 
host, and Phase I human clinical trials were underway in 2002 us- 
ing clinical dosages. The next step would be to add genes to the 
bacterium to produce anticancer proteins that can shrink tumors, 
or to modify the bacteria to deliver various enzymes, genes, or 
prodrugs for tumor cell growth regulation. 

Such additions can include “unnatural” components. For in- 
stance, Schultz’s group has engineered new strains of E. coli that can 
incorporate into bacterial proteins: (1) externally-supplied unnatu- 
ral amino acids!?!? including p-azido-L-phenylalanine,'?”° the 
photocrosslinking amino acid p-benzoyl-l-phenylalanine,!?”! 
O-methyl-L-tyrosine,!?”” and L-3-(2-naphthyl)alanine,!?”? (2) un- 
natural amino acid functional groups such as keto groups,!*4 and 
even (3) non-amino acids such as alkenes.!?”° In 2003 Shultz’s team 
reported!””® the first creation of an E. coli strain that could not only 
incorporate but also internally synthesize another unnatural amino 
acid, p-aminophenylalanine — making, in essence, a completely 
autonomous bacterium having a 21 amino acid genetic code, in- 
cluding an artificial (RNA-synthetase/tRNA pair.'””” Later in 2003, 
Shultz’s team announced similar results for the first eukaryotic spe- 
cies, a type of yeast called Saccharomyces cerevisiae.\??*'9”? 

Joseph Jacobson,'?*° scientific advisory board member for 
engeneOS, observes that a key to successful replication of complex 
biological systems is error correction. Biology employs many tech- 
niques for error correction. For example, protein coding uses 
fault-tolerant translation codes — e.g., in the genetic code of almost 
all organisms on Earth, polar residues are encoded by the “degener- 
ate” (see below) DNA codon NAN, and non-polar residues are en- 
coded by the degenerate codon NTN (where A = adenine, T = Thym- 
ine, and “N” denotes a mixture of DNA bases). Hecht!??! reports 
that experiments with combinatorial libraries of de novo proteins show 
that sequences describing an alternating pattern of polar and non-polar 
amino acid residues (e.g., NANNTNNANNITN...) produce 
ageregative fibrillar structures resembling B-amyloid. This aggrega- 
tion competes with (and may prevent) proper intramolecular fold- 
ing, hence this pattern should be disfavored by evolutionary selection 
and in fact does occur significantly less often in the genome than 
other patterns with similar compositions.!”*'! Another example is 
frameshift error tolerance, wherein two nonhomologous proteins may 
share the same DNA sequence — that is, reading the same sequence 
with a single base-pair frameshift may produce a second valid protein 
product.'°?? As yet another example, the entire genetic code is “de- 
generate” — that is, almost every amino acid is represented by several 
codons, with a slight tendency for more common amino acids to be 
represented by more codons.'®? More importantly, this degeneracy 
minimizes the effects of mutations. A mutation of CUC to CUG has 
no effect, since both codons represent leucine; similarly, a mutation 
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of CUU to AUU replaces leucine with isoleucine, a closely related 
amino acid.* !°? The synthesis of proteins from amino acids by ribo- 
somes (giant ribozymes) has an error rate of only one residue per 
2,000 (error rate ~5 x 10) largely due to mistaken tRNA recogni- 
tion, which means that the majority of synthesized proteins (which 
average fewer than 1000 residues per protein) may include nota single 
error. DNA copying relies on extensive error detection and correc- 
tion (e.g., presynthetic and proofreading error-correcting poly- 
merases,!”** thymine dimer bypass,!?** base excision repair,!?*4 
base-pair mismatch correction systems!??*!9°6) along with built-in 
redundancy (the molecule has two complementary strands) to achieve 
a net error rate of only one base per billion (-10°)!0 
ing itself. 

“Error correction in biological systems has extremely high fidel- 
ity, but error is cumulative,” notes Jacobson.!”3 ° “Can we create an 
organism which does not have cumulative error?” His solution, echo- 
ing the consensus-copy correction approach described in 1986 by 
Drexler (ref. 199, pp. 107-108), is to build living cells containing 
M duplicate strands of N bases per strand in a consensus voting 
system to create a self-excising error-correcting code. “For above 
[some] threshold M value [and] combining error correcting poly- 
merase and error correcting codes, one can replicate a genome of 
arbitrary complexity,” he claims. Similarly, the radiation-resistant 
bacterium Deinococcus radiodurans may preserve its genome follow- 
ing severe radiation damage in part by employing a high copy num- 
ber of DNA.1938:1939 

During the 1990s, bioengineered self-replicating viruses of vari- 
ous types!?4°!9“? and certain other vectors routinely were being used 
in experimental genetic therapies as “devices” to target and penetrate 
certain cell populations, with the objective of inserting therapeutic 
DNA sequences into the nuclei of human target cells in vivo. Insert- 
ing new sequences into viral genomes, or combining components 
from two different viruses to make a new hybrid or chimeric vi- 
rus,!?4-195! is now routine. Efforts at purely rational virus design are 
underway but have not yet borne much fruit. For example, Endy et 
al!°“ computationally simulated the growth rates of bacteriophage 
T7 mutants with altered genetic element orders and found one new 
genome permutation that was predicted to allow the phage to grow 
31% faster than wild type; unfortunately, experiments failed to con- 
firm the predicted speedup. Better models are needed.!®?!!94> Nev- 
ertheless, combinatorial experiments on wild type T7 by others!9461948 
have produced new but immunologically indistinguishable T7 vari- 
ants which have 12% of their genome deleted and which replicate 
twice as fast as wild type.!"“* The Synthetic Biology Lab at MIT!®® 
seeks to “build the next generation T7...a bacteriophage with a ge- 
nome size of about 40,000 bp and 56 genes. With DNA synthesis 
becoming cheap, we wish to redesign and rebuild the entire genome, 
to create the next, and hopefully better, version of T7. Considerations 
in the redesign process include: adding or removing restriction sites 
to allow for easy manipulation of various parts, reclaiming codon 
usage, and eliminating parts of the genome that have no apparent 
function. Synthesizing a phage from scratch will allow us to better 
understand how Nature has designed the existing organism.” Notes 
Endy:?!!! “We've rebuilt T7 — not just resynthesized it but 
reengineered the genome and synthesized that.” The MIT scientists 
are separating overlapping genes, editing out redundancies, and so 
on, with about 11.5 kilobases completed so far and the remaining 
30,000 base pairs expected to be completed by the end of 2004.3!!! 
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In a three-year project!?® culminating in 2002, the 7500-base 
polio virus was rationally manufactured “from scratch” in the labo- 
ratory by synthesizing the known viral genetic sequence in DNA, 
enzymatically creating an RNA copy of the artificial DNA strand, 
then injecting the synthetic RNA into a cell-free broth containing a 
mixture of proteins taken from cells. The synthetic polio RNA then 
directed the synthesis of complete (and fully infectious) polio virion 
particles,!°? allowing the researchers to claim that the virus was 
made without the use of any living cells. The rational design and 
synthesis of completely artificial viral sequences, leading to the manu- 
facture of completely synthetic viral replicators, should eventually 
be possible — but the rational design and synthesis of chimeric 
viral replicators is already possible today.!?°° 1? 

Attempts to create synthetic nonmicrobial biological replicators 
also are underway, For example, in 2000 Demin Zhou’s group!” 
reported that they were trying to create a synthetic viroid consisting 
of “a naked RNA virus capable of infecting a cell, replicating, and 
modulating cellular function. The RNA molecule in the library is 
viroid-like, capable of rolling circle replication, self-splicing and li- 
gation. Replication is performed by an RNA-dependent RNA poly- 
merase (RdRp) that can replicate RNA by internal initiation on an 
RNA template. The designed circular RNA includes a ribozyme 
that leads to self-splicing and ligation, a promoter for an RdRp, an 
antisense sequence, and an infectivity site. We are now testing rep- 
lication of the viroid by an RNA dependent RNA polymerase which 
has well defined activity in vitro and in vivo.” It may also be pos- 
sible to design artificial general-purpose bacteriophages that are ca- 
pable of disabling or destroying all bacterial DNA, or are capable of 
replicating more bacteriophage particles to which only the targeted 
pathogenic bacterial cells are susceptible.*?*!”*” Bacterial artificial 
chromosomes (BACs) and yeast artificial chromosomes (YACs) — 
essentially, synthetic plasmids — have been in wide use in biotech- 
nology for years, e.g., as cloning vectors.!”°*!?°? Chromosome en- 
gineering!””° is beginning, and both mammalian artificial chromo- 
somes (MACs)!9°” and human artificial chromosomes!?*® are ac- 
tively being investigated. Rasmussen et al!?°? describe an organic 
artificial protocell that represents a simple self-replicating physico- 
chemical system. 


4.5 Biomolecular-Directed Positional Parts Assembly 
(1994-present) 

The ability to positionally assemble nanoscale building blocks 
or nanoparts into larger nanomachines of various kinds is a key 
capability that could enable nanomachine self-replication. Several 
proposals have been made to harness the self-organizing abilities of 
polynucleotides, proteins, and even whole artificial microbes or vi- 
ruses for this purpose. (The authors are also preparing an entire 
book! on the subject of nonbiological positional assembly with a 
focus on diamond mechanosynthesis; positional manipulator ar- 
rays are briefly described in Section 5.7.) 


4.5.1 Positional Assembly Using DNA 

Starting in 1994, Niemeyer!*?! and Smith!!” exploited DNA 
specificity to generate regular protein arrays, using “oligonucle- 
otide-directed self-assembly of proteins” !“°! and “nucleoprotein-based 
nanoscale assembly”.'*1” Shi and Bergstrom! attached DNA single 
strands to rigid organic linkers, showing that cyclical forms of various 


* Each amino acid can be assigned a hydropathic index on the basis of hydrophobicity and charge characteristics,*%°’ as follows: Isoleucine (+4.5), valine (+4.2), leucine 
(+3.8), phenylalanine (+2.8), cysteine/cystine (+2.5), methionine (+1.9), alanine (+1.8), glycine (-0.4), threonine (-0.7), serine (-0.8), tryptophan (-0.9), tyrosine 
(-1.3), proline (-1.6), histidine (-3.2), glutamate (-3.5), glutamine (-3.5), aspartate (-3.5), asparagine (-3.5), lysine (-3.9), and arginine (-4.5). Certain amino acids 
may be substituted by other amino acids having a similar (i.e., within 0.5-2 units) hydropathic index and still result in a protein with similar biological activity, i.e., still 


obtain a biologically functional-equivalent protein.*!? 
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sizes could be formed with these molecules. Working from the in- 
sight that DNA could serve as an assembly jig in solution phase, Smith 
and Krummenacker!®*! devised a possible method for the 
nanoassembly and covalent linkage of protein “nanoparts” into spe- 
cific orientations and arrangements as determined by the hybridiza- 
tion of DNA attached to the proteins, called DNA-Guided Assembly 
of Proteins (DGAP).!°° In this method, multiple DNA sequences 
would be attached to specific positions on the surface of each protein, 
and complementary sequences would bind, forcing protein building 
blocks (possibly including biomolecular motors, structural protein 
fibers, antibodies, enzymes, or other existing functional proteins) to- 
gether in specific desired combinations and configurations, which 
would then be stabilized by covalent interprotein linkages. This tech- 
nique could also be applied to non-protein components that can be 
functionalized at multiple sites with site-specific DNA sequences, al- 
though proteins, at least initially, may be more convenient building 
blocks due to their size, their surface chemistry, the wide variety of 
functions and mechanical properties they can confer on the resulting 
assemblies, and the many existing techniques for introducing designed 
or artificially evolved modifications into natural proteins of known 
structure. In 2001 a nascent company, Molecubotics, Inc., 1° put 
forward a business plan to pursue the DGAP method of molecular 
assembly! and to begin seeking funding. 

Others are exploring methods for: covalently attaching functional 
(fusion) proteins toa DNA backbone in a specified manner at ~8.5 
nm (25 base-pair) intervals;!4!” addressable protein targeting in 
macromolecular (e.g., nucleoprotein) assemblies; !450-1457 attaching 
specific DNA tag sequences to protein molecules such as enzymes 
to a specific region on the surface of the target protein well away 
from the active site;!? laying of silver wire, 19652019 gold 
wire, 967-19 and other nanowires!?”°!°”4 using DNA as a molecu- 
lar scaffolding or possible template for circuit construction,'®”? in- 
cluding metal-centered DNA lattices,'””° metal nanoparticle assem- 
blies,!?7”!978 and nanotube localization;!°”? decorating DNA with 
fullerenes!?®° and dendrimers;!4!4 assembling DNA-tagged nanom- 
eter-sized pold,'72%178 magnetic, °° or other particles into larger 
clusters, or into spontaneous lattices’** or magnetic chains;!"*4 sili- 
con component aggregation on DNA-directed 2-D array'?®’ and 
“protein stitchery”.'?8° Braun et al’?8” have used DNA scaffolding 
with several specific proteins as a template for the self-assembly of 
carbon nanotube based transistors, with metallic nanowires at ei- 
ther end. DNA self-assembly can sort mixed nanotubes into the 
metallic and semiconducting varieties. °° Cook et al!?® show how 
DNA tiles can be used for self-assembled electronic circuit patterns 
and as a scaffold for functional devices such as molecular electronic 
circuits, and that several circuit patterns — such as demultiplexors, 
random-access memory, and Hadamard matrix transforms — can, in 
principle, be self-assembled from a small number of DNA tile types. 

Seeman’s group!“**!45° at New York University has reported the 
design and construction of 2-dimensional DNA arrays (which might 
serve as templates for nanomechanical assembly)!437-1441)1442,1990 
and a mechanical DNA-based actuator!49® (based on the 
solution-ion-based B-Z structural transition in DNA; Figure 4.23) 
and similarly actuated rotary motors!“*4 and a bipedal nanowalker 
with 36 base-pair-long legs.734? Seeman is now collaborating’?! 
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Figure 4.23. A mechanical DNA-based actuator. (courtesy of Nadrian 
Seeman!*3 6) 


with computational chemists to achieve “the design and fabrication 
of practical nanoscale devices” and “to make rapid progress in dem- 
onstrating DNA based nanoscale devices.”* Erik Winfree at 
CalTech is investigating using DNA tiles to perform computing 
tasks, 1989:1992-1997 

Other DNA-based actuation is known. For example, 
sequence-specific DNA hybridization is commonly used to bend 
silicon microcantilevers.20°??° Alberti and Mergny~”"” synthesized 
a sequence-dependent DNA “piston” composed of a 21-base oligo- 
nucleotide that displays a 5-nm, two-stroke, linear motor type move- 
ment. Liand Tan””"! have made a single- DNA-molecule inchworm 
motor. Shu and Guo!” synthesized a 30-nm long chimeric pRNA 
(DNA-packaging) motor made from six strands of RNA surround- 
ing a center strand of DNA: in the presence of ATP, the RNA strands 
push the DNA axle in succession, spinning it around and produc- 
ing 50-60 pN of force. 

Researchers from Ludwig Maximilians University in Germany 
have built a simple molecular machine from DNA that can bind to 
and release single molecules of a specific type of protein.?!!° This 
“DNA hand” can be made to select any of many types of proteins, 
and could eventually be used to construct materials or machines 
molecule-by-molecule. “The researchers used DNA branch migra- 
tion, a method that allows a DNA nanostructure to switch between 
several arrangements of its parts, to construct the DNA hand. In 
one configuration, the structure contains an open sequence of bases 
that binds to a specific protein, and so can grab that type of protein. 
A second configuration does not contain the open sequence, and so 
drops the protein. The rearrangements are reversible, allowing the 
tiny machine to repeatedly grab and drop a molecule of a specific 
type of protein. DNA aptamers, or strands that bind to specific 
molecules, can be selected from a pool of DNA sequences, making 
it possible to construct a DNA hand that binds to any type of pro- 
tein.”>'!° The DNA hand was demonstrated by having it repeat- 
edly grab and drop molecules of the protein thrombin. 

Bernard Yurke at Bell Laboratories and Andrew Turberfield at 
the University of Oxford have synthesized a sequence-dependent 
DNaA-based actuator which has been cycled 7 times consecutively 
by inserting and removing a special “fuel” strand, causing the 


* Ina lecture at the 10th Foresight Conference in Washington DC in October 2002, Seeman noted that “self-replicating systems” are explicitly being studied by his research 
group, but that he “didn’t have time for this today, the work is on hold for now.” A lecture slide entitled “Challenges for structural DNA nanotechnology” included the item: 
“To produce systems capable of self-replication — economy; evolvability.” Seeman has already built DNA-based nanomechanical devices'***'** including “sequence-dependent 
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devices [that] can provide the diversity of structures necessary for nanorobotics”, 


and in 2002 Seeman wrote:'*”° “The development of self-replicating systems using 


branched DNA appears today to be somewhat oblique,’*° but it nevertheless represents an exciting challenge that will significantly economize on the preparation of these 
systems and enhance their evolvability. Ultimately, structural DNA nanotechnology must advance from the biokleptic to the biomimetic, not just using the central molecules 
of life, but improving on them, without losing the inherent power they possess.” According to Seeman in late 2003,”°” the replication scheme, first presented in 1991,1*°° 


2001 


involves DNA knot topologies’ 


and requires the ability to characterize what is synthesized via direct structural observation, rather than by gel or other biochemical techniques; 


forthcoming 3-D arrays “make these systems amenable to crystallographic characterization before picking up the knot work again and then applying it to replication.” 
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Figure 4.24. One half-cycle of Yurke’s DNA-based actuator. (courtesy of Bernard Yurke??!?) 
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Figure 4.25. Using reversible complementary linkers to actuate linear DNA-based strut in discrete steps. (from Merkle*”!”) 


“nanotweezer” to close from a ~7 nm separation to a ~1 nm separa- 
tion (Figure 4.24), taking ~13 sec per cycle.2°!7?°!> (More recent 
work”?!® has focused on a continuously running DNA nanomotor.) 
Merkle*”!” has proposed a similar chemically-driven DNA-based 
“sliding strut” actuator (Figure 4.25) which demonstrates that bio- 
technology and self-assembly can be used to make positional de- 
vices. Hao Yan and colleagues in Reif’s lab at Duke University in 
Durham, North Carolina have devised X-shaped DNA tiles that 
link up in a square grid with some of the strands consisting of sec- 
tions of DNA that can lengthen and shorten by 6.8 nm like tiny 
pistons, making a net whose mesh size can expand or contract un- 
der chemical control.7°!8?°"? RNA polymerase has been utilized as 
a 15-20 pN positioning motor that “can be incrementally ‘walked’ 
or positioned along DNA with nanometer scale precision.””°*! 
Reif?o??793 has designed (but not yet built) “the first autono- 
mous DNA nanomechanical devices that execute cycles of motion 
without external environmental changes. These DNA devices trans- 
late along a circular strand of ssDNA [single-stranded DNA] and 
rotate simultaneously.” Reif’s first DNA device, called “walking 
DNA,” would achieve random bidirectional motion around a cir- 
cular ssDNA strand by using DNA ligase and two restriction en- 
zymes that consume AIP as their energy source. Reif’s second DNA 
device, called “rolling DNA,” would achieve random bidirectional 
motion by using DNA hybridization energy in trapped states with 
no DNA ligase or restriction enzymes. The emerging field of 
DNA-based molecular construction appears quite active.”°74 
Mirkin’s group” has created 2-D and 3-D architectures with 
DNA and inorganic nanoscale building blocks, including using 
massively parallel tip arrays to write patterns using a DNA-based 
“ink”. Mavroidis’ group”! is studying combining artificial DNA 
structures with carbon nanotubes (Figure 4.26). Jaeger and col- 
leagues are investigating 9-13 nm self-assembling tectoRNA geo- 
metrical figures, !°’>1978 and von Kiedrowski’s group!” has used 
synthetic three-armed tris-oligonucleotidyl building blocks to as- 
semble 3-D DNA nanoscaffolds such as supramolecular tetrahe- 
dra. Others”? have tailored allosteric responses in ribozymes — 
capabilities which might also be useful in the context of positional 
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Figure 4.26. Theoretical proposal to combine biomolecular motor 
molecules and artificial DNA structures with carbon nanotubes (cour- 
tesy of Constantinos Mavroidis”'). This “artist’s conception” is only 
schematic and somewhat fanciful, as components are not all shown 
to scale. 


nanoparts assembly. There have also been numerous experiments with 
artificial nucleic acids”°”” including unnatural nucleobases?°?® 29° and 
nucleosides?°3!23 (e.g., thiophene and furan heterocycles), “univer- 
sal” bases,2°942035 peptide nucleic acids (PNA) 2036-2038 threose nucleic 


acid (TNA),”°? and extended (unnatural) genetic alphabets.204°-204 


4.5.2 Positional Assembly Using Proteins 

Bradbury”? proposes using artificial enzymes for nanoscale parts 
assembly. After noting Merkle’s”’!” suggestion that the positional 
control of nanoscale building blocks would allow the extension of 
the normal reactions found in biological systems to include 
free-radical chemistry and more recent descriptions of similar reac- 
tive chemistries being employed by enzymes,”°“° and related infor- 
mal suggestions for artificial mechanoenzymes by Freitas?” and 
“mechalysts” by Craver,7°** Bradbury”? envisioned the engineer- 
ing of artificial multifunctional proteins called “robozymes” having 
the following properties: (1) unfolded, the robozyme grabs onto 
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molecular building blocks,*°**”°”” carefully keeping them separate 


from each other to avoid nonspecific reactions; (2) using specific 
enzyme catalytic sites near the bound building blocks, it “activates” 
the molecules (perhaps producing one or more free radicals); (3) 
induced folding brings the building blocks into relatively precise 
alignment allowing the desired chemical reaction(s) to occur; and 
(4) the protein is induced to unfold, releasing the final product. 
With protein folding forces in the tens to hundreds of pN, such 
enzymes could also provide a means for threading one molecule 
through another molecule, mechanically producing interlinked struc- 
tures such as rotaxane and catenane'*!° without using self-assembly 
(ie., by adding hydrophobic ring structures to the molecular parts 
which will then be attracted to each other in a polar solvent like 
water) and thus allowing the positional assembly of very small (<1 
kD) molecular nanoscale parts. 

Note that while most enzymes in cells are involved in manipu- 
lating small molecules <0.25 kD, there are several classes of en- 
zymes involved in manufacturing complex covalently bound mol- 
ecules such as vitamins, enzyme cofactors, antibiotics, and toxins 
with masses up to ~3 kD. Molecules even larger than this are ma- 
nipulated by tRNA-synthetase (a 40-100 kD enzyme that manipu- 
lates -30 kD tRNAs), the spliceosome, the ribosome, the 
proteosome, and the DNA replication complex. (Many of these also 
involve “parts insertion” or “threading” maneuvers, such as the clamp 
and bridge helix mechanisms in RNA polymerase I that act as a 
translocation ratchet to feed DNA through the enzyme interior in 
order to produce mRNA.)? By designing synthetic enzymes con- 
sisting of synthetic amino acids, we can envision grabbing molecu- 
lar parts in a solution and then, as the enzyme folds, bringing them 
into proper alignment and causing them to react — which might 
be called “nanopart synthetases” or “protein-directed parts assem- 
bly.” Of course, RNA-based ribozymes?°°°*4 may prove better 
suited than proteins for some reactions, so we are not limited to 
using enzymes to form the covalent bonds required in nanoparts. 
Directed evolution in bacteria might be employed to create such 
specialty enzymes — as has already been done, for example, in con- 
verting a disulfide reductase (disassembly) enzyme into a 
disulfide-forming (assembly) enzyme.”°” 

Ratchet-action protein-based molecular motors are well-known 
in biology.*°*° Conformational cascades of a special genetic variant 
of yeast cell prions have already been used to self-assemble silver- 
and gold-particle-based nanowires.”°°”*°°8 The GTPase dynamin 
mechanoenzyme — which self-assembles into rings or spirals, wrap- 
ping around the necks of budding vesicles and squeezing, pinchin 
them off, during cellular endocytosis — is well-known.?°??° 
Amyloid fibril lamination can be exploited for nanotube self-as- 
sembly,”° and artificial self-assembled peptides can orient carbon 
nanotubes (CNTs) into fibers,°® achieve hydroxyapatite crystalli- 
zation, °°” or grow copper nanocrystals.2°°8 Smith!!°379™ has 
used methyltransferase-directed addressing of fusion proteins to 
DNA scaffolds to construct a molecular camshaft (Figure 4.27) asa 
exemplar protein/nucleic acid biostructure. Bachand and 
Montemagno”” have engineered a biomolecular motor constructed 
of F1-ATPase protein”’”! with an attached silicon nitride “propel- 
ler” arm?°”* and a reversible on/off switch,”°”? and other task-opti- 
mized genetically engineered molecular motors have been synthe- 
sized by others.?°”4 Protein-protein binding specificity has been used 
to bend silicon microcantilevers,70°77004"” Finally, molecular chap- 
erones are a group of proteins that assists in the folding of newly 
synthesized proteins or in the refolding of denatured proteins. Ge- 
netically engineered chaperonin protein templates (heat shock pro- 
teins serving as chaperone molecules) can direct the assembly of 
gold (1.4, 5, or 10 nm) and CdSe semiconductor quantum dots 
(4.5 nm) into nanoscale arrays.-°/> 
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Figure 4.27. Self-assembled protein/nucleic acid molecular camshaft, 


in 3-lobe (above) and 2-lobe (below) versions. (courtesy of Steven S. 
Smith?) 


Immunoglobulin (Ig) or antibody molecules could be used first 
to recognize and bind to specific faces of crystalline nanoparts, then 
as handles to allow attachment of the parts into arrays at known 
positions, or into even more complex assemblies. As reported by 
Freitas”? (next 3 paragraphs): Kessler et al?°”° raised monoclonal 
antibodies (MAbs) specific for crystals of 1,4-dinitrobenzene hav- 
ing well-defined molecular-level structures. These antibodies were 
so specific they would not bind to the same molecule when it was 
conjugated to a protein carrier. IgG antibodies isolated from the 
serum of rabbits injected with crystals of monosodium urate mono- 
hydrate or magnesium urate octahydrate evidently bear in their bind- 
ing sites an imprint of the crystal surface structure because they can 
act as nucleating templates for crystal formation in vitro with ex- 
tremely low cross-reactivity, despite the similar molecular and struc- 
tural characteristics of the two crystals.2°”” Antibody binding to 
monosodium urate crystals has been known for decades,”°’* and 
viruses have been engineered with a specific recognition moiety for 
ZnS nanocrystals used as quantum dots.”! Interestingly, antibod- 
ies specific to in vivo water-ice crystals have even been reported.”°”? 

Like antigens with ordered multiple epitopes (the antigenic deter- 
minants), crystals expose chemically and geometrically distinct sur- 
faces, so different antibodies might recognize distinct faces of a crys- 
tal (possibly including diamond or sapphire crystal faces) in an inter- 
action similar to that of antibodies for repetitive epitopes present on 
protein surfaces.2°8209° For instance, one MAb to 1,4-dinitroben- 
zene crystals was shown to specifically interact with the molecularly 
flat, aromatic, and polar (101) face of these crystals, but not with 
other faces of the same crystal.°88 MAbs have also been elicited against 
cholesterol monohydrate crystals,°8!°** one of which””*' was shown 
to specifically recognize the crystal’s stepped (301) face. Here, the 
hydrophobic cholesterol hydrocarbon backbone is exposed on one 
side of the molecular steps while hydroxyl residues and water mol- 
ecules are exclusively exposed on the other side. In both cases, 
crystal-specific antibodies were of the IgM idiotype.”°”° This accords 
with the assumption that (unlike most commonly used antigens) crys- 
tals cannot be processed by the antigen presenting cells, hence anti- 
bodies must be induced through a T cell-independent path.°% 
Semiconductor-binding”!©!® and calcite-binding”*™* proteins are 
known that can discriminate among the various crystal faces of the 
given material and can in some cases alter the pattern of crystal 
growth.7°8° Sulfur-free gold-binding proteins (GBPs) recognize and 
noncovalently bind preferentially to the Au (111) crystal surface — 
GBPs use multiple repeats of 14-30 residue sequences to bind to this 
surface.?°*° Hyaluronan is believed to be a crystal-binding protein 
for calcium oxalate monohydrate crystals.7°%” 
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Solubilized (derivatized) Cop and C7p fullerenes can induce the 
production of specific antibodies,”°°”*" usually by interaction with 
the combining sites of IgG.?°®? It is speculated that highly hydro- 
phobic pure fullerenes would be recognized by antibodies with hy- 
drophobic amino acids in their binding sites*°®?°"4 or would in- 
teract with donor -NH)”°8 and -SH*”” groups. There are now 
many reports of antibodies being raised to single-walled carbon 
nanotubes.2°9?-?9” For example, antibodies raised to Cgg in mice 
strongly bind to single-walled nanotubes.”°°” Computer simulations 
suggest that it may be possible to build antibodies that selectively 
bind to nanotubes of a specific diameter or chirality.?°4 


4.5.3 Positional Assembly Using Microbes and Viruses 
Artificial microbes (Section 4.4) might also be employed in 
molecular construction. A variety of biological molecular machines 
are already known which display linear motions, movements re- 
lated to opening, closing and translocation functions, rotary move- 
ments, and threading-dethreading movements.”!”° Gerald J. 
Sussman at MIT claims that when computer parts are reduced to 
the size of single molecules, engineered microbes could be directed 
to lay down complex electronic circuits.”!°! “Bacteria are like little 
workhorses for nanotechnology; they're wonderful at manipulating 
things in the chemical and ultramicroscopic worlds,” he says. “You 
could train them to become electricians and plumbers, hire them 
with sugar and harness them to build structures for you.” 
Regarding microbe-directed parts fabrication, one strain of bac- 
teria (Pseudomonas stutzeri AG259) is known to fabricate single crys- 
tals of pure silver in specific geometric shapes such as equilateral 
triangles and hexagons, up to 200 nm in size.*!°*?10? Several anaero- 
bic bacteria grow 300-nm nanosphere shells outside their cell enve- 
lopes,?!% and microorganisms can accumulate materials and syn- 
thesize inorganic structures composed of bismuth,2!9 CdS,210%107 


gold,*!” magnetite,”!077110 selenium,” silica,2!°” and sil- 
ver,2107.2108 
As for microbe-directed parts assembly, Kondo et al”!!! used a 


grooved film (created by chemically precipitating cellulose tracks 
less than 1 nm apart onto a copper base) to induce the bacterium 
Acetobacter xylinum to exude neat ribbons of cellulose*!’? along the 
prepared track at a rate of 4 microns/minute. The group is attempt- 
ing to genetically modify the organism to secrete alternative sugar 
molecules that might better resist natural degradation. Natural fi- 
broblasts in human tissue construct complex 3-dimensional collag- 
enous fiber networks of extracellular matrix (ECM) during wound 
healing,”"!° fibrillogenesis”!4 and fibroplasias.?!!> Although ECM 
strand positioning is stochastic in natural fibroblasts,”!'® cell func- 
tionality and ECM network characteristics can be altered by chemo- 
tactic factors,7!!77!!8 contact guidance and orientation,”!!? hy- 
poxia,”!?° and local mechanical stress.”!?! Fibroblasts can be geneti- 
cally engineered,”!** are capable of crosslinking collagen fibers!” 
(a “covalent parts joining” type of operation), and can apply ~100 
pN forces while embedded in a 3-dimensional collagen lattice.?!4 

To establish digital control over microorganisms, genetic circuits 
that can function as switches”!*? or computational logic elements 
such as AND, NAND, and NOR gates (Nanomedicine,® Section 
10.2.3.1) are under active investigation.?1267141 For example, in 
2000 Gardner et al*!*° added a memory device to an E. coli bacte- 
rium using two inverters for which the output protein of each is the 
input protein of the other. Elowitz and Leibler?!’??!*? made an 
oscillator with three inverters connected in a loop — in one test of 
their “Repressilator” system, “a fluorescent protein became active 
whenever one of the proteins was in its low state....the result was a 
population of gently twinkling cells like flashing holiday lights.”?!°7 
By 2002, Weiss”!>?"?! had created a five-gene circuit in E. coli that 
could detect a specific chemical in its surroundings and turn on a 
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fluorescent protein when the chemical concentration enters within 
preselected bounds.?!9” 

The Synthetic Biology Lab at MIT is similarly trying to create 
cells that are “engineered genetic blinkers”?! and which use light 
as a faster means of cellular I/O than chemical-mediated signals. '8° 
They are also creating a set of “BioBricks”!**37! which are “a [stan- 
dardized] set of [building block] components that have been de- 
signed for use as logic functions within a cell. The members of this 
family are designed to be compatible, composable, interchangeable, 
and independent so that logic circuits may be constructed with little 
knowledge or concern for the origins, construction, or biological 
activities of the components.” These components are being accu- 
mulated in M.L.T.’s Registry of Standard Biological Parts”! an 
online database that by June 2004 listed distinct 517 parts or de- 
vices, with the number growing by the month. Boston University 
bioengineer and Cellicon Inc. founder and Senior Scientist Timo- 
thy Gardner explains*!*” that the eventual goal “is to produce ge- 
netic ‘applets’, little programs you could download into a cell sim- 
ply by sticking DNA into it, the way you download Java applets 
from the Internet.” Bacterial memory has also been demonstrated: 
150-base-long messages encoded as artificial DNA have been stored 
within the genomes of multiplying E. coli and Deinococcus 
radiodurans bacteria and then accurately retrieved.”!“° Unfortunately, 
notes Weiss:?!!! “Replication is far from perfect. We've built cir- 
cuits and seen them mutate in half the cells within five hours. The 
larger the circuit is, the faster it tends to mutate.” 

External control has been shown experimentally. Jacobson’s 
team?!” has demonstrated remote electronic control over the hy- 
bridization behavior of DNA molecules by inductive coupling of a 
GHz radio-frequency magnetic field to a 1.4 nm gold nanocrystal 
covalently linked to DNA,”!% offering the prospect of remote-con- 
trolled enzymes and “radio-controlled bacteria’.”!“ Single-molecule 
heating of bioconjugable gold nanowires, nanocircles and nanocoils 
is also being investigated by the von Kiedrowski group.?!” 

Bacteria can also be used as physical system components. For 
example, Tung et al?!*??!>! are attempting to incorporate living 
bacteria into microelectromechanical systems (MEMS) to form liv- 
ing cell motors for pumps and valves. The bacteria will be com- 
pletely sealed inside the bioMEMS device. “When its flagellum is 
attached to a surface, the bacterium moves in a circular fashion, and 
always in the same direction,’ explains Tung.!”! “A single bacte- 
rium can become a flagellar motor or pump, but a number of bac- 
teria, all rotating in the same direction, could become a conveyor 
belt.” However, Tung”!”* notes that unlike ATPase which can po- 
tentially be assembled from proteins, flagellar motors cannot yet be 
artificially manufactured so the replication techniques developed 
for ATPase may not be applicable to flagellar motors. Smith?!” 
also notes that it is presently unknown how to synchronize the rota- 
tional directions of multiple flagella in the lab. 

Similarly, Linda Turner and colleagues at the Rowland Institute 
at Harvard have affixed a film of Serratia marcescens bacteria onto 
tiny beads, allowing the microbes’ rotating appendages to carry the 
beads along. When the film is applied inside tiny tubes, the gyrat- 
ing bacterial arms blend fluids twice as fast as diffusion alone.?!*4 
Carlo Montemagno at UCLA has combined living cells with iso- 
lated MEMS structures to create cell-powered mechanical motors. 
In one experiment in 2003, a lithographically-produced U-shaped 
structure 230 microns wide is attached to a cardiac muscle cell like 
a tiny prosthesis. When presented with glucose solution, the muscle 
cell contracts repeatedly, causing the mechanical structure to “walk” 
at a speed of ~46 microns/min with a repetition rate controlled by 
the spring constant of the MEMS structure.”!°? Sequeira and 
Copik?!°°!°” once proposed using bacteria as power units for 
microscale mechanical systems. 
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Viral shells also can provide useful templates for nanoscale as- 
sembly. Belcher!497158!6 employs virus capsid shells as tempo- 
rary scaffolds for the directed nanoassembly of nanoparticles such 
as quantum dots,2!°8 CoPt and FePt nanowires,2!*! and ~30 other 
inorganic semiconducting or magnetic materials in a process she 
describes”!°* as the “biomimetic synthesis of nonbiological inor- 
ganic phases with novel electronic and magnetic properties directed 
by proteins and synthetic analogs.” In one experiment,”'“ a geneti- 
cally engineered M13 bacteriophage with a specific recognition 
moiety for zinc sulfide nanocrystals was used to assemble a 
ZnS-containing film having nanoscale ordering and 72-micron-sized 
domains. Belcher and Hu have formed a company, Senzyme, to 
commercialize this process. Viral coat proteins can be engineered 
by various techniques*!® and have been used by others as scaffolds 
for nanomaterials synthesis,”!’°7!7! in self-assembly~’”? (e.g, of vi- 
ral capsid monolayers on gold surfaces”!”*), and for encapsulation 
of reactants or polymers inside viral capsid cage structures.”!”4 


4.5.4 Positional Assembly Using Other Biological Means 

Drum and Gordon*!” note that “diatom nanotechnology,” first 
proposed in 1988,7!’° might be used to produce useful structures 
“by compustat selection experiments (i.e., forced evolution of de- 
velopment or evodevo). Their exponential growth in suspension 
cultures could compete with the lithography techniques of present 
day nanotechnology, which have limited 3-D capabilities. Alterna- 
tively, their fine detail could be used for templates for MEMS, or 
their silica deposition systems isolated for guiding silica deposition.” 
Artificial diatom patterns were first synthesized via 3-D vapor depo- 
sition of silica by Shultze?!”” and others.”!”8 Diatoms in the shapes 
of ~10-20 um rectangular and triangular prisms are well-known.7!”° 
Diatom shells placed in a magnesium gas atmosphere at 900 °C for 
4 hours undergo an atom for atom substitution of Mg for Si with 
no change in 3-D shape, and the authors list nine other “shape pre- 
serving gas/solid reactions” that are thermodynamically favored, and 
should “replicate” silica diatom shells in other oxide materials.”!”” 

Drum and Gordon see two major advantages: “Large numbers 
of components are available via the exponential reproduction of the 
organisms that produce them, and mutation permits us to selec- 
tively evolve organisms with the components we want.” Diatoms 
have a ~24 hour cell cycle, so their numbers can double every day. 
Gordon’s “compustat” technique is “basically a selective breeding 
and culling of microorganisms based on shape. The idea was to do 
it visually by growing diatoms in a chamber with an image coming 
through a microscope to a computer. The computer would find 
each cell in turn and compare it with an ideal that youd like to 
achieve. If the cell was anywhere near that ideal you'd leave it alone 
and if it wasn’t, youd kill it by zapping it with a laser.”?!8° Projected 
uses include sensors, optical gratings, catalytic substrates, and even 
nanoscale comb actuators.*’” 

Sponges can also form solid silica structures with precisely con- 
trolled morphologies, directed by proteins and polysaccharides. For 
example, silicatein-a protein found in the silica spicules of the sponge 
Tethya aurantia can hydrolyze and condense the precursor molecule 
tetraethoxysilane to form silica structures with controlled shapes, 
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including hard silica spheres and well-defined columns of amor- 
phous silica.?!*! 


4.6 Feynman Hierarchical Machine Shop (1959) 
and Microassembly 

In his famous December 1959 speech, “There’s Plenty of Room 
at the Bottom,” Nobel physicist Richard P. Feynman*!® observed 
that: “The principles of physics, as far as I can see, do not speak 
against the possibility of maneuvering things atom by atom. It is 
not an attempt to violate any laws; it is something, in principle, 
that can be done; but, in practice, it has not been done because we 
are too big.” Feynman then proposed the prototypical top-down 
strategy for building complex nanomachinery — essentially a com- 
pletely teleoperated machine shop, including mills, lathes, drills, 
presses, cutters, and the like, plus master-slave grippers to allow the 
human operator to move parts and materials around the workshop. 

To build a nanomachine using Feynman's scheme,”!***'? the 
operator first directs a macroscale machine shop to fabricate an ex- 
act copy of itself, but four times smaller in size. After this work is 
done, and all machines are verified to be working properly (and as 
expected), then the reduced-scale machine shop would be used to 
build a copy of itself, another factor of four smaller which is a factor 
of 16 tinier*!®? than the original machine shop. This process of 
fabricating progressively smaller machine shops proceeds until a 
machine shop capable of manipulations at the nanoscale is pro- 
duced.* The end result is a nanomachine shop capable of recon- 
structing itself, or of producing any other useful nanoscale output 
product stream that is physically possible to manufacture, using 
molecular feedstock. As Feynman describes the idea, which includes 
massive parallelization:?'** 


‘Tf you work through a pantograph, even today, you can get much more 
than a factor of four in even one step. But you cant work directly through 
a pantograph which makes a smaller pantograph which then makes a 
smaller pantograph — because of the looseness of the holes and the ir- 
regularities of construction. The end of the pantograph wiggles with a 
relatively greater irregularity than the irregularity with which you move 
your hands. In going down this scale, I would find the end of the pan- 
tograph on the end of the pantograph on the end of the pantograph 
shaking so badly that it wasn't doing anything sensible at all. At each 
stage, it is necessary to improve the precision of the apparatus. If, for 
instance, having made a small lathe with a pantograph, we find its lead 
screw irregular — more irregular than the large-scale one — we could 
lap the lead screw against breakable nuts that you can reverse in the 
usual way back and forth until this lead screw is, at its scale, as accurate 
as our original lead screws, at our scale. 


“When I make my first set of slave hands at one-fourth scale, I am going 
to make ten sets. I make ten sets of hands, and I wire them to my origi- 
nal levers so they each do exactly the same thing at the same time in 
parallel, Now, when I am making my new devices one-quarter again as 
small, I let each one manufacture ten copies, so that I would have a 
hundred hands at the 1/16th size....If I made a billion little lathes, 
each 1/4000th the scale of a regular lathe, there are plenty of materials 
and space available because in the billion little ones there is less than 
two percent of the materials in one big lathe. It doesn’t cost anything for 
materials, you see. So I want to build a billion tiny factories, models of 


* Perhaps Feynman himself was partly inspired by the children’s book “The Cat in the Hat Comes Back,” published one year earlier in 1958 by Dr. Seuss, 


2184 wherein a conceptually 


similar progressive system of manipulators is described, disguised as a young person’s primer on the alphabet. The story line: While the kids are stuck shoveling snow, the laughing 
Hat Cat lets himself in the house and eats a pink cake in the bathtub. He leaves behind “a big long pink cat ring,” which he then handily cleans with “MOTHER'S WHITE DRESS!” 
The dress then loses its pink stain to the wall, and then to “DAD’S $10 SHOES!”, the rug in the hall, and then to the bedspread, until finally the Hat Cat calls in some assistants. 
From inside his big hat comes Little Cat A, then progressively smaller Little Cats B, C, D, and E, each nested in the previous one’s hat, and so on down to Little Cat Z, who 
“is too small to see.” The Little Cats make things worse, spreading the pink stain all over the front yard snow. The mess is finally cleared by Little Cat Z who has an even smaller, 
mysterious “Voom” in his hat, described only as “so hard to get” but “cleans up anything.” The Hat Cat orders Cat Z to “Take the Voom off your head! Make it clean up the 
snow!” Acting like a janitorial utility fog (Section 3.8), spiraling clouds spin through the yard; in a whirlwind of action, all the pink is gone. Exclaims the relieved child: “Don’t 
ask me what Voom is. I never will know. But, boy! Let me tell you. It DOES clean up snow!” The whirling fog also leaves behind a perfectly shoveled path from the street sidewalk 


to the front door, sparing the kids any further work. 
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each other, which are manufacturing simultaneously, drilling holes, 
stamping parts, and so on. 


‘As we go down in size, there are a number of interesting problems that 
arise. All things do not simply scale down in proportion. There is the 
problem that materials stick together by the molecular (van der Waals) 
attractions. There will be several problems of this nature that we will 
have to be ready to design for....[But] if we go down far enough, all of 
our devices can be mass produced so that they are absolutely perfect 
copies of one another. We cannot build two large machines so that the 
dimensions are exactly the same. But if your machine is only 100 atoms 
high, you only have to get it correct to one-half of one percent to make 
sure the other machine is exactly the same size — namely, 100 atoms 
high!” 

“Our ability to see what we are doing, and to do things on an atomic 


level,” Feynman concluded, “is a development which I think cannot be 
avoided.” 


To help motivate progress in top-down mechanical engineering, 
in his 1959 lecture”!*? Feynman also issued two seemingly “impos- 
sible” challenges: (1) to build a working electric motor no larger 
than a 1/64th-inch cube, and (2) to write a page of a book on an 
area 1/25,000 times smaller in linear scale “in such manner that it 
can be read by an electron microscope,” each challenge backed by a 
$1000 prize. Just 11 months later, engineer William McLellan had 
constructed a 250-microgram 2000-rpm motor out of 13 separate 
parts that would fit inside a 0.4-mm cube, and collected his reward 
against the first challenge.”!®° (The second prize was won in 1985 
by Tom Newman, who used e-beam lithography (Section 4.7) to 
meet the second challenge by writing the first page of Dickens’ A 
Tale of Two Cities legibly in a 6.25-micron square, taking about 60 
seconds).* 7!85 

The field of micromechanical engineering gathered momen- 
tum after lithographically-produced silicon-chip-based working 
micromotors were fabricated in the late 1980's by groups at Ber- 
keley and MIT. By 1990, tiny electrostatic motors with 100-mi- 
cron rotors boasted operating speeds of ~250 Hz*!*° and operat- 
ing lifetimes of ~10° revolutions.?!8” Wobble micromotors such 
as those fabricated in silicon by the University of Utah’s 
micromachine lab demonstrated very little friction or abrasion, 
with measured operating lifetimes in excess of 300 million revolu- 
tions.?!88 Microelectromechanical or “MEMS” research has since 
produced multi-micron-scale accelerometers,*!8”*!! diverse 
microsensors (e.g., blood pressure microsensors attached to car- 
diac catheters), microscale cantilevers and jointed crank mecha- 
nisms,7!°? 5-micron barbs,?!?> flow microvalves and pressure 
microtransducers,”!°*7!®> micropistons and micropumps,”!?? 
microgear trains,*!?° microactuators,*!?’ piezo-driven 
micromotors,”!?® micromirrors and microshutters,7!?” 7*"! Fresnel 
lens microarrays,” microgyroscopes,”°? a 2-mm long combus- 
tion chamber suitable for turbine use,22°*22 and multidevice 
microsystems~””° that were available customized or off-the-shelf 
in mass quantities by the late 1990s. MEMS had also produced 
microgrippers that could manipulate individual 2.7-micron poly- 
styrene spheres, dried red blood cells of similar size, and various 
protozoa.”?”7 

Could these microscale components be assembled into complex 
machines? Very simple mobile robots of ~1 cm? volume were com- 
monplace in the 1990s,”°8*?"! so for a more challenging demon- 
stration of MEMS’ ability to manufacture complete working 
microrobots, in 1994 Japanese researchers at Nippondenso Co. Ltd. 
fabricated a 1/1000th-scale working electric car.**!???!9 As small as 
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a grain of rice, the micro-car was a 1/1000-scale replica of the Toyota 
Motor Corp’s first automobile, the 1936 Model AA sedan. The tiny 
vehicle incorporated 24 assembled parts, including tires, wheels, 
axles, headlights and taillights, bumpers, a spare tire, and hubcaps 
carrying the company name inscribed in microscopic letters, all 
manually assembled using a mechanical micromanipulator of the 
type generally used for cell handling in biological research. In part 
because of this handcrafting, each microcar cost more to build than 
a full-size modern luxury automobile. The Nippondenso microcar 
was 4.8 mm long, 1.8 mm wide, and 1.8 mm high, consisting of a 
chassis, a shell body, and a 5-part electromagnetic step motor mea- 
suring 0.7 mm in diameter with a ~0.07-tesla magnet penetrated 
by an axle 0.15 mm thick and 1.9 mm long. Power was supplied 
through thin (18 micron) copper wires, carrying 20 mA at 3 volts. 
The motor developed a mean torque of 7 x 10°’ N-m (peak 13 x 
10°” N-m) at a mean frequency of ~100 Hz (peak ~700 Hz), pro- 
pelling the car forward across a level surface at a top speed of 10 
cm/sec. Some internal wear of the rotating parts was visible after 
~2000 sec of continuous operation; the addition of ~0.1 micro- 
gram of lubricant to the wheel microbearings caused the mecha- 
nism to seize due to lubricant viscosity. The microcar body was a 
30-micron thick 20-milligram shell, fabricated with features as small 
as ~2 microns using modeling and casting, N/C machine cutting, 
mold etching, submicron diamond-powder polishing, and nickel 
and gold plating processes. Measured average roughness of machined 
and final polished surfaces was 130 nm and 26 nm, respectively. 
The shell captured all features as small as 2 mm on the original 
full-size automobile body. Each tire was 0.69 mm in diameter and 
0.17 mm wide. The license plate was 10 microns thick, 0.38 mm 
wide and 0.19 mm high. 

Nippondenso subsequently used similar manufacturing tech- 
niques to build a prototype of a capsule intended to crawl through 
tiny pipes in a power plant or a chemical plant like an inchworm,””"4 
hunting for cracks,22!>-22!6 and other miniature mobile robots have 
been announced.?”!”77!8 In 1999, three Japanese electronics com- 
panies revealed the creation of a 0.42-gram, 5-mm long “ant-size” 
robot””!? reportedly able to lift 0.8-gm loads and move at ~2 mm/ 
sec, as part of the government's ongoing Micro Machine Project.?*”” 
In early 2003, James Ellenbogen announced”! that researchers at 
MITRE Corp. were constructing a motorized silicon chip with 6 
legs as a prototype millimeter-size robot or “millibot”, to demon- 
strate control engineering with coordinated walking and obstacle 
avoidance by 2004. Kristofer Pister’s group at UC Berkeley is work- 
ing on millimeter-scale “smart dust with legs” and a micro rocket 
project, the details of which are not publicly available.””** In late 
2003, Ebefors??> had the closest to a working walking microrobot. 

What about Feynman's vision of a progressively miniaturized fac- 
tory? Fearing et al!*8*??74 at UC Berkeley “plan to build a 
self-contained desktop rapid prototyping system” combining fold- 
ing, bonding, and microassembling operations on 100-micron-scale 
parts to make a fully-automatic, desktop assembly process for 
millirobots, as part of their laboratory's NSF-supported Desktop 
Rapid Prototyping Millirobots project*””’ and their interest in au- 
tomated microassembly”*® — though oriented to “minimal 
bootstrapping for millirobot desktop factories, rather than 
self-replicating”.**”” The Agile Assembly project at Carnegie Mellon 
University””***?”? is developing an “agile assembly architecture” 
applied specifically to tabletop-sized factories or “minifactories” for 
microassembly including modular elements such as high-precision 
platens, bridges for mounting modular robotic elements, precision 


* Regis?!®> reports that a publisher of Buddhist texts subsequently contacted Newman to ask if he had any interest in creating a line of microscopic prayer books. Explained 
the publisher: “Miniature texts have potential ritual uses that are very intriguing. One requirement would be that the texts be in Tibetan script, rather than the standard Roman 


alphabet, but we already have or could modify a bit map of the Tibetan alphabet.” 
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2-DOF manipulators, 2-DOF couriers, and parts feeders, with the 
assembly of high-density mechatronic equipment as the prototypi- 
cal application. (See also Section 3.20.) 

Ongoing research efforts in precision or automated microassembly, 
desktop manufacturing,””*°??9! microfactories””***> and parallel 
micromanufacturing are currently in progress at the Agency of In- 
dustrial Science and Technology, AIST (Mechanical Engineering 
Laboratory),””*” Carnegie Mellon University (Microdynamic Sys- 
tems Laboratory”””* and Robotics Institute),””*4 European IST Pro- 
gram (MiCRoN Project),?” > Innovation On Demand, Inc.,223°?297 
Institute for Machine Tools and Industrial Management (Munich 
Microassembly Research),?738 Lawrence Livermore National Labo- 
ratory (Micro Assembly Automation Laboratory),”*°? Nagoya Uni- 
versity (Department of Micro System Engineering),””“ Nelson’s 
group,-~4??42 Rensselaer Polytechnic Institute (Center for Auto- 
mation Technologies),” 7 Sandia National Laboratories (Precision 
Micro Assembly Laboratory),””*? University of California at Berke- 
ley (Robotics and Intelligent Machines Laboratory),”“4 University 
of Minnesota (Advanced Microsystems Laboratory),?”4 USATU 
(Center of High Technologies in Manufacturing Systems),”7“° Zyvex 
Corp. (Assembly of Microsystems),724”?24* and elsewhere.7*4?-??> 


4.7 Shoulders Electronic Micromachining Replicator 
(1960-1965) 
In 1960-1965, the controversial inventor K.R. Shoulders??°>2?°° 
speculated on a completely electronic-mediated mode of replica- 
tion that envisioned manipulation of physical materials: 


In the simplest case, the machine should be an iterative array of compo- 
nents that are isolated from each other, but have the ability to inter- 
communicate via sinuous electron paths. The components must be able 
to launch, adsorb, receive and steer electrons or groups of electrons. Such 
an organization would allow the creation of order within the machine 
at the dictate of other organized areas. This newly-made order could be 
propagated physically through the machine and then be destroyed if 
found wanting. The components could then be used again for higher 
levels of organization. This arena concept (using fundamental elements 
at fixed or movable loci but having flexible connectivity and a revers- 
ible change of state without leaving a residue) would greatly modify 
most present concepts of machine organization.... We will claim that 
field-emission devices could be used to fabricate a ‘wireless’ machine 
using any interesting organization...and that a complete machine could 


be built on this principle. 


We propose a component based upon the quantum-mechanical tunnel- 
ing of electrons into the vacuum. Ultimately, we would use a 
vacuum-tunnel effect cathode array for our electron source. The emis- 
sion from discrete areas would be controlled by local grids. Thus we have 
components made by electronic micromachining responsible for the build- 
ing of new systems by the same method. In the end, self-reproduction 
would be a distinct possibility without the use of a lens system, because 


all copies would be made on a one-to-one size basis. ae 


In 1961, Shoulders wrote extensively’?*4 about using electron- 
beam-activated machining techniques to produce microelectronics 
components. The above passage clearly suggests that he envisioned 
such systems could ultimately be capable of self-replication. Shoul- 
ders appears to have been the first to discuss beam-based machine 
replication, a concept subsequently briefly explored by Taylor in 
1978 (Section 3.10) and Freitas in 1981 (Section 3.14). 

Four decades later, much progress has been made in this field, 
though as yet no replication has been achieved — although e-beam 
text-writing garnered Newman the second Feynman challenge prize 
in 1985 (Section 4.6). Electron beam induced deposition (EBID) is 
the process of using a high-intensity electron beam within an elec- 
tron microscope to induce the formation of structures on the scanned 
surface.*”*”**/9 EBID is a slow but versatile direct-write additive 
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lithography process for the fabrication of mesoscale and nanoscale 
structures with high lateral accuracies. In this process, the micro- 
scope interior is filled with a low pressure precursor gas which is 
readily broken down under intensive e-beam illumination. For ex- 
ample,””°8 W/(CO)¢ carbonyl payee or WF gas”? is used to 
grow tungsten carbide or tungsten wires, Cr(CO)¢ and Re2(CO)10 
are used to grow chromium and rhenium nanorods,””°! Al(CHs) 3 
is used to grow aluminum, C7H7O 2F¢Au to grow gold, and 
(methylcyclopentadientyl)trimethylplatinum is used to grow plati- 
num. In the EBID process, the electron beam is trained on a spot 
and held there, whereupon the precursor gas breaks down locally, 
depositing metal atoms only on the spot. As the beam continues to 
hit the spot, more atoms are deposited and a cylindrical column of 
metal grows, typically at a rate of ~3-300 nm/minute.”*® By slowly 
translating the beam position in the XY plane and controlling the 
substrate angle and the growth conditions, 3-dimensional 
nanostructures such as atomic force microscopy ips inter- 
connects,7*””7278 walls,??”” and more complex structures,?”©° in- 
cluding a world map printed on a spherical 60-micron resin 
microsphere with 10 nm features,2”°” have been made via “electron 
beam stereolithography.” (See also Section 3.20.) 

Koops notes that objects are readily constructed in vertically 
free-standing geometric shapes such as Y’s, X’s, and more complex 
structures containing internal voids such as arches or closed loops 
atop columns (i.e., round or square tennis-racquet shapes),7”°° in- 
cluding in one case a “three-dimensional build-up with conducting 
material resembling a field emission electron source, having an emit- 
ter tip and an extractor ring around it...[with] a capacitance of 24 
aF between the tip and the ring” and in another case an artistic 
“Micro Coliseum” structure made by “FIB [focused ion beam] as- 
sisted deposition using a hydrocarbon precursor gas. The diameter 
of the structure is 1.8 um, its height is 0.5 um, the employed 
linewidth of the arches constructing the building is 0.08 um.” EBID 
has also been used to deposit carbonaceous structures," 74 ru- 
thenium nanoparticle chains,””” and a variety of conducting and 
nonconducting materials.??”°??”? Conductive nanostructured de- 
vices such as field emission sources have been fabricated?”®°??8! — 
single-atom STM tips can emit up to 10 microamp in field emis- 
sion mode,”** although 0.1-1 microamp is more common for field 
emission from carbon atomic wires.””*? Electron emission from 
EBID-grown columns or tips has been widely reported in the lit- 
erature,22842290 

EBID resolution is somewhat restricted*”?! because electrons 
scatter quickly in solids, beam electrons are mutually repulsive, and 
electron wavelengths are typically 20-50 nm. This often limits prac- 
tical e-beam lithographic resolution to dimensions >10 nm, although 
resolutions as small as 2 nm have been obtained in a few materi- 
als,?°8 wires 80 nm in diameter have been fabricated with surface 
roughness below 2-3 nm,””?*??6 tips for AEM/STM work can be 
made with radii of ~5 nm,?7”°??”* and EBID-fabricated carbon 
supertips have “customizable shapes with features down to below 
10 nm”.??”4 Unlike CVD (chemical vapor deposition), EBID is not 
a thermal decomposition process, so the purity of the deposit is 
often much lower unless the substrate is heated.?”8°??° However, a 
few high-purity free-standing metal nanorods have been made by 
EBID,””©! and a rapid fabrication process could be achieved by con- 
trolling the e-beam spot position with a computer, as demonstrated 
by Koops et al,?*8° 
allel operation. 


or by employing multiple beams to achieve par- 


Related opportunities for crude atomic or molecular positional 
assembly may exist with other emerging technologies, as, for example, 
the beam lithography/nanostencil technique under investigation by 
IBM Zurich in their “ATOMS” project,??"4 neutral molecular beam 
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deposition,” 3-D proton beam nanolithography,”””° the manipu- 


lation of Bose-Einstein condensates along an “atomic conveyor belt” 
above a silicon chip,?”” light-driven molecular assembly,”8 atomic 
holography,”””? and various proposals for quantum mechanical au- 
tomata.”°°3°! Older techniques of automated electrodeposition 
microfabrication!!**"!?3 employ a fine-tipped probe in an electro- 
plating solution to locally electrodeposit metals out of solution to 
form microstructures, such as regularly-spaced arrays of 100-nm tall 
nickel columns!!4 or >100-layer 3-D patterns using layers a few mi- 
crons thick.!!3 


4.8 Laing Molecular Tapeworms (1974-1978) 

Starting in 1974, Laing?’ proposed a hybrid cellular-kine- 
matic machine replicator system which would compute and con- 
struct by means of a repertoire of simple mechanical actions (e.g., 
sliding local shifts of contact, local changes of state, and local detec- 
tions of such state changes). The system would manipulate 
componentry of the same sort of which it is itself composed, and 
would in essence comprise a molecular tape that replicates, making 
more tapes identical to itself, using a universal Turing machine motif 
(Figure 4.28(A)). Machines of the system can imitate the actions of 
any Turing machine or of any robot system like themselves.*°* Notes 
Laing:?*” “We focus on artificial macromolecular machines. In form 
these macromolecular machines are chains (possibly folded and in- 
terconnected; Figure 4.28(B)) of basic molecule-like constituents....a 
molecular machine, an automaton device all of whose basic con- 
stituents and operations are the sort that reasonably may be said to 
be possible for biological systems at the macromolecular level....both 
machine and description will observe biological reasonableness.” 

The Laing kinematic automaton system is related to both the 
cellular automaton system and the projected kinematic machine 
system of von Neumann, as well as to the basic Turing machine 
concept.?”> >) Tn the Laing system, connected strings of finite state 
automaton componentry interact by making sliding contact and 
sending signals into each other. In this system, new components are 
recruited from the surrounding space at the ends of the interacting 
strings. These kinematic automata strings can be viewed as a math- 
ematically precise analogy to certain biological processes at the mac- 
romolecular level and “might better be called molecular machines.” 

In one version®”’ composed of rigid constituents (Figure 
4.28(C)), Laing’s kinematic replicating system consists of a pro- 
gram chain interacting with a tape chain. The tape chain is envi- 
sioned as a string of molecules of a sort able to take on two distinct 
physical states (e.g., 0 and 1), “which might in a physical molecule 
correspond to the presence or absence of an auxiliary molecule or to 
one or another of two distinct orientations of a molecule type.” The 
program chain also can be represented in a string of effector mol- 
ecules, and there are ten basic instruction types (requiring 10 differ- 
ent types of effector molecules): (1) write zero or “W(0)”; (2) write 
one or “W(1)”; (3) move left or “L”; (4) move right or “R”; (5) halt 
or “H”; (6) no operation or “NOP”; a branch instruction consist- 
ing of (7) an origination conditional transfer or “CT” molecule and 
(8) a destination transfer target or “TT” molecule; (9) a “detach- 
ment” molecule which when “activated and in temporary associa- 
tion with a molecule, will cause the severing of the structural at- 
tachment that molecule has with its predecessors”; and (10) a “syn- 
thesize” molecule which upon “being brought into active associa- 
tion with a passive molecule (a parts blank) will cause the passive 
molecule to change its state.” 

In the operation of the molecular machine, a string of program 
molecules is in sliding contact with a tape molecule string at a single 
location. If the active program molecule is a W(0), it will affect the 
contacted tape molecule to place it in state 0; if a W(1), to place the 
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Figure 4.28. Laing molecular tapeworms. A) Turing machine 
in kinematic machine format — the lower string consists of program 
primitives which if activated will act on the passive “tape” primitives 
of which the upper string is composed. (B) Active interconnected 
program molecule and associated passive tape molecule. (C) Active 
program machine and passive tape machine composed of rigid con- 
stituents. (courtesy of Richard Laing) 
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tape molecule in state 1; if an R, to produce a slide to the next tape 
molecule to the right; and so forth. If an R or an L would result in 
disengaging the program and tape molecule chains, then a new “0” 
molecule must be synthesized or otherwise be recruited from the 
environment and attached to the end of the tape molecule string. 

The molecular machine, composed of program chain and tape 
chain, then replicates as follows:?*’ “First, the molecular machine 
produces a string of molecules which is a description of itself. Re- 
ferring then to this description, the molecular machine determines 
one-by-one the type and constituent required, then retreats to the 
end of the description string and synthesizes the required constitu- 
ent. By continued repetition of this process the molecular machine 
will finally end with a sequence of molecules, the first half of which 
is its description in ‘0’ and ‘1’ molecules, and the latter half of which 
is an exact copy of the molecular machine constituent primary se- 
quence. The detachment molecule can now be employed to sever 
the connection between the description molecule and the new mol- 
ecule machine constituent sequence. We shall also want to be able 
to communicate an ‘active’ status to a region of offspring molecular 
machines, else offspring would possess no autonomous self-repro- 
ducing properties. During construction, and upon release, the pres- 
ence in the primary constituent sequence of structure-forming prop- 
erties will by self-assembly impose the requisite three-dimensional 
form.” 

More recently, simpler versions of self-replicating molecular 
strands or strings (e.g., “typogenetics”) have been introduced by 
Hofstadter‘!® (as a formal way to describe operations on DNA 
strings) and further discussed by Kvasnicka and Pospichal,??°?9% 
Lynch, Morris,2?°> Snare,22"° and Varetto.!©?”°°7 Hutton2>°8 
has performed computational simulations of artificial replicators that 
inhabit a virtual soup and are subject to simulated laws of artificial 
chemistry; see also our discussion of the JohnnyVon simulations in 
Section 2.2.2. The interactions of computational objects forming a 
“Turing gas” in a form of “algorithmic chemistry” have been inves- 
tigated by Fontana.”””°”” Hatakeyama and Nomoto**” have used 
a “movable finite automaton” model to simulate the synthesis of a 
copy strand of mRNA from a (stringlike) sequence of DNA. Ikegami 
and Hashimoto™ have also described a network model of self-rep- 
lication involving machines and description tapes. 

Finally, futurist William Atkinson”?!° while skeptical of machine 
phase nanotechnology*®* nonetheless believes that molecular assem- 
blers based on “nano cellular automata” could produce copies of 
themselves or other structures made of diamond and other materi- 
als, possibly using a more organic or nonmechanical process. 


4.9 Drexler Molecular Assemblers (1981-1992) 

In 1981, Drexler’”” described the utility of holding and position- 
ing molecular parts, introducing the concept of mechanosynthesis: 
“By analogy with macroscopic devices, feasible molecular machines 
presumably include manipulators able to wield a variety of tools. 
Thermal vibrations in typical structures are a modest fraction of 
interatomic distances; thus, such tools can be positioned with atomic 
precision....these arguments indicate the feasibility of devices able 
to move molecular objects, position them with atomic precision, 
apply forces to them to effect a change, and inspect them to verify 
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that the change has indeed been accomplished....synthesis can then 
involve highly reactive or even free radical intermediates, as well as 
the use of mechanical arms wielding molecular tools to strain and 
polarize existing bonds while new molecular groups are positioned 
and forced into place. This may be done at high or low temperature 
as desired. The class of structures that can be synthesized by such 
methods is clearly very large, and one may speculate that it includes 
most structures that might be of technological interest.” 

By 1985, Drexler was widely lecturing about “replicating assem- 
blers”?3!! and, starting in 1986, Drexler!???°8?!° proposed in 
greater detail the molecular assembler,* a device resembling an in- 
dustrial robot which would be capable of holding and positioning 
reactive moieties in order to control the precise time and location at 
which chemical reactions take place.** This general approach would 
allow the construction of large atomically precise objects by a se- 
quence of precisely controlled chemical reactions. Much like the 
ribosome in biology (Section 4.2), an assembler would build vari- 
ous classes of useful molecular structures following a sequence of 
instructions. During this process, the assembler would provide full 
three-dimensional positional and orientational control over each new 
molecular component (analogous to the individual amino acid in 
the ribosome model) that is being added to a growing complex 
molecular structure (analogous to the growing polypeptide in the 
ribosomal model). In one simple approach not mentioned by 
Drexler, a molecular assembler might be capable only of noncovalent 
assembly operations (Section 4.18), wherein nanoparts are fabri- 
cated by other means and then presented to the assembler, which 
then assembles the nanoparts into working nanomachines. Alterna- 
tively, a molecular assembler could be capable of forming any one 
of several different kinds of chemical bonds (e.g., by changing tool 
tips), not just a single kind such as the peptide bond that the ribo- 
some makes. In bonding atoms or molecules to one another, the 
assembler would provide any needed energy through physical force 
— especially if the reaction happens not to be energetically favored 
— thus performing machine-phase chemical synthesis or 
mechanosynthesis as opposed to the traditional means of 
solution-phase chemical synthesis. 

At its most basic level, the simplest possible nanoscale molecu- 
lar assembler that is capable of self-replication may be composed 
of one or more nanoscale molecular manipulator mechanisms. For 
example, the hypothetical diamondoid telescoping molecular ma- 
nipulator arm (Figure 4.29) described by Drexler°* has about 4 
million atoms excluding the base and control and power struc- 
tures. Doubling the size to ~10’ atoms to account for support 
structures gives a molecular weight of ~100 megadaltons and a 
total molecular volume of ~140,000 nm? per arm. The arm is 30 
nm in diameter and 100 nm in length, and a careful count reveals 
that the design includes exactly 49 parts excluding the base. De- 
signed for high strength and stiffness, this robot arm should be 
able to hold a molecular fragment stiffly enough to make it react 
with the chosen end of a carbon-carbon double bond, possibly 
with an error rate of only 10°! according to Drexler’s calcula- 
tions.?°8 The robot arm could then guide chemical reactions with 
high reliability at room temperature in vacuo, with little need for 
sensing the positions of the molecules with which it is working.”?!° 


nw 


* But not a “universal assembler”: 


Though assemblers will be powerful (and could even be directed to expand their own toolkits by assembling new tools), they will not be 


able to build everything that could exist” (Drexler'®? at page 246). The term “universal assembler” appears only in a section heading in Drexler’s popular work Engines of 


Creation’? but not in the text; the term appears nowhere in Drexler’s major technical work, Nanosystems. 
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** Explains physicist Mark Gubrud?"? helpfully: “The assembler can be viewed as a kind of flexible, programmable catalyst. In fact, it is like an active catalyst, an enzyme. 
Like an enzyme, by bringing the reactant directly to the site, it creates an extremely high effective concentration of reactants. It can also constrain reaction pathways and 
select transition states. So synthetic routes that are not available in conventional chemistry may become available with assemblers, as they are, also, with enzymes and other 
catalysts.” For example, the Merkle-Freitas assembler described in Section 4.11.3 can be regarded as a mechanical enzyme with the chemical formula C195, 231,007Hs,677,80651305" 30 
that autocatalyzes the manufacture of its own structure in a very specialized environment. 
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Drexler’s Nanoassembler 
~4,000,000 atoms (without base) 


Figure 4.29. Cross-section of a stiff molecular manipulator arm, 
with identification of parts, courtesy of K. Eric Drexler.*°° Copy- 
right © 1992 by John Wiley & Sons, Inc. Used with permission. 
http://www.zyvex.com/nanotech/nanosystems.html. Image of Fine 
Motion Controller © IMM, http://www.imm.org. Image of ribosome 
© PDB http://www.rcsb.org/pdb/newsletter/2000q4/mom.html. 


Alternatively, using appropriate tool tips such an arm could grasp 
and manipulate individual prefabricated nanoparts in solution 
phase. Such assembly of nanoparts without fabrication might al- 
low a much smaller tool set. The manipulator arm must be driven 
by a detailed sequence of control signals, just as the ribosome needs 
mRNA to guide its actions. Such detailed control signals can be 
provided by external acoustic, electrical, or chemical signals that 
are received by the robot arm via an onboard sensor or power trans- 
ducer, using a simple “broadcast architecture”,”°*?!° a technique 
which can also be used to import power. Such transducers may be 
extremely small, on the order of (~10 nm)? each.7°8 

Drexler proposed the first generic design for a molecular assem- 
bler (Section 4.9.1) in 1986 in his popular book Engines of Cre- 
ation,'”” published in 1986. In the early 1990s, following the dual 
approach laid out by the NASA Replicating Systems Concepts Team 
a decade earlier (Section 3.13.2), Drexler offered two distinct mo- 
lecular manufacturing designs — a unit replication or “extruding 
tube” assembler model (Section 4.9.2) and a factory replication 
model (Section 4.9.3). In 1995, Drexler’s Foresight Institute helped 
sponsor a special prize to be awarded to the first person or research 
group to build the first major components of a molecular assembler 
(Section 4.9.4). A fourth design of Drexler for a minimal assem- 
bler,?°® also published in 1992 in Drexler’s technical book 
Nanosystems,* is described in Section 4.11.1. 


4.9.1 Drexler Generic Assembler (1986) 

In 1986, Drexler!” described a generic molecular assembler as 
resembling a factory shrunk to a size smaller than an individual 
biological cell: “They will contain nanomachines mounted on a 
molecular framework and conveyor belts to move parts from ma- 
chine to machine. Outside, they will have a set of assembler arms 
for building replicas of themselves, an atom or a section at a time. 
Imagine an advanced assembler that contains a million atoms: it 
can have as many as ten thousand moving parts, each containing an 
average of one hundred atoms — enough parts to make up a rather 
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complex machine. In fact, the assembler itself looks like a box sup- 
porting a stubby robot arm a hundred atoms long. The box and 
arm contain devices that move the arm from position to position, 
and others that change the molecular tools at its tip. 

“Behind the box sits a device that reads a tape and provides me- 
chanical signals that trigger arm motions and tool changes. In front 
of the arm sits an unfinished structure. Conveyors bring molecules 
to the assembler system. Some supply energy to motors that drive 
the tape reader and arm, and others supply groups of atoms for as- 
sembly. Atom by atom (or group by group), the arm moves pieces 
into place as directed by the tape; chemical reactions bond them to 
the structure on contact. These assemblers will work fast. A fast en- 
zyme, such as carbonic anhydrase or ketosteroid isomerase, can pro- 
cess almost a million molecules per second, even without conveyors 
and power-driven mechanisms to slap a new molecule into place as 
soon as an old one is released. A human arm can flap up and down 
several times per second, [but] an assembler arm will be about fifty 
million times shorter than a human arm, and so it will be able to 
move back and forth about fifty million times more rapidly. For an 
assembler arm to move a mere million times per second would be 
like a human arm moving about once per minute: sluggish.” 

“Assemblers will not replicate by themselves; they will need ma- 
terials and energy, and instructions on how to use them. Ordinary 
chemicals can supply materials and energy, but nanomachinery must 
be available to process them. Bumpy polymer molecules can code 
information like a punched paper tape, but a reader must be avail- 
able to translate the patterns of bumps into patterns of arm motion. 
Together, these parts form the essentials of a replicator: the tape 
supplies instructions for assembling a copy of the assembler, of the 
reader, of the other nanomachines, and of the tape itself. 

“A reasonable design for this sort of replicator will likely include 
several assembler arms and several more arms to hold and move 
workpieces. Each of these arms will add another million atoms or 
so. The other parts — tape readers, chemical processors, and so 
forth — may also be as complicated as assemblers. Finally, a flexible 
replicator system will probably include a simple computer; this will 
add roughly 100 million atoms. Altogether, these parts will total 
less than 150 million atoms. Assume instead a total of one billion, 
to leave a wide margin for error. Ignore the added capability of the 
additional assembler arms, leaving a still wider margin. Working at 
one million atoms per second, the system will still copy itself in one 
thousand seconds, or a bit over fifteen minutes — about the time a 
bacterium takes to replicate under good conditions. 

“Imagine such a replicator floating in a bottle of chemicals, mak- 
ing copies of itself. It builds one copy in one thousand seconds, 
thirty-six in ten hours. Each copy, though, will build yet more cop- 
ies. Thus the first replicator assembles a copy in one thousand sec- 
onds, the two replicators then build two more in the next thousand 
seconds, the four build another four, and the eight build another 
eight. At the end of ten hours, there are not thirty-six new replicators, 
but over 68 billion. In less than a day, they would weigh a ton....” 


4.9.2 Drexler Extruding Tube Assembler (1991) 

In the “unit replication” or organismic model, the design most 
faithful to von Neumann's original kinematic concept, each replicator 
is an independent unit which employs the surrounding substrate to 
directly produce an identical copy of itself. Both the original and 
the copy remain fertile and may replicate again, thus exponentiating 
their numbers. Figure 4.30 shows the unit replicator design described 
informally by Drexler et al,’?!® taken from a Stanford University 
course (CS 404) that Drexler taught in the spring of 1988. Drexler’s 
unit replicator design is a two-armed mechanical molecular assem- 
bler in an extruding tube architecture ~200 nm in diameter and 
~650 nm in length, having a total molecular volume of ~20,000,000 
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Figure 4.30. Drexler extruding tube assembler. courtesy of K. 


Eric Drexler) 


nm? (equivalent to a cube ~270 nm on an edge), containing ~1 
billion atoms with a molecular weight of ~10 gigadaltons — very 
roughly the mass and scale of a very small bacterium (Section 5.3). 
For comparison, the average enzyme (a biochemical crimping tool) 
weighs perhaps ~0.1 megadalton, while a typical ribosome (a primi- 
tive “protein assembler”) weighs 2.5-4.2 megadaltons (Section 4.2). 
Both parent and daughter machines are tubular in shape, and the 
daughter extrudes axially from the parent. 

Drexler’s unit replicator receives its control signals from an 
onboard nanocomputer,”’’ which can accept stored instructions 
that are sequentially executed to direct the manipulator arm to 
place the correct moiety or nanopart in the desired position and 
orientation, thus giving precise control over the timing and loca- 
tions of chemical reactions or assembly operations. Most of the 
interior of Drexler’s device is taken up by a tape memory system 
that tells how to move the arm to build all the parts of the replicator, 
except the tape itself. The tape gets made by a special tape-copying 
machine. At the right-hand end of the replicator are pores for bring- 
ing in fuel and raw-material molecules, and machinery for pro- 
cessing them. The replicator would be able to build copies of itself 
when supplied with fuel and raw materials. In the middle are 
computer-controlled arms that do most of the actual construc- 
tion. In Figure 4.30, (A) contains a nanocomputer, (B) a library 
of stored instructions, (C) contains machinery that takes in fuel 
and produces electric power, (D) is a motor, and (E) contains 
machinery that prepares raw materials for use. The lower diagrams 
illustrate various stages in a replication cycle, showing how the 
working space is kept isolated from the external liquid which pro- 
vides the needed fuel and raw-material molecules. 

The steps in the replication cycle — using a copy to block the 
tube, beginning a fresh copy, then releasing the old one — show 
one way that a machine could build a copy of itself while floating in 
a liquid, yet doing all of its construction work inside itself, in a 
better-controlled vacuum environment. Since the replicator con- 
tains about a billion atoms and each arm can handle about a mil- 
lion atoms per second, the whole construction cycle could be com- 
pleted in less than 15 minutes. At that rate, one device can double 
and double again to make trillions in little more than ten hours. 
The replicators sit in a special chemical bath, absorbing what they 
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need and making more replicators. Eventually, either the special 
chemicals run out or new chemicals are added to signal the replicator 
population to do something else. At that point, as suggested sche- 
matically by Figure 3.39, they can be reprogrammed for a produc- 
tion phase that will allow them to produce any other product that is 
within their physical capacity to manufacture, so long as it can be 
extruded from the front. These products may be long, and can un- 
fold or be pieced together to make larger objects, so the small-bac- 
terium size of the initial replicators need only be a temporary limi- 
tation. 

Drexler~”"~ notes that pure replicators of this sort “are useful as 
thought experiments to show how nanomachines can product more 
nanomachines, but specialized manufacturing equipment would be 
more efficient in practice.” 
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4.9.3 Drexler Nanofactory Replication System (1991-1992) 

In the “unit growth” or factory model, a population of specialist 
devices, each one individually incapable of self-replication, can col- 
lectively fabricate and assemble all necessary components compris- 
ing all specialist devices within the system, hence the factory is ca- 
pable of expanding its size (or of manufacturing duplicate factory 
systems) indefinitely in an appropriate environment. In Figure 4.31, 
a molecular manipulator arm (Figure 4.29) performs molecular as- 
sembly operations on a passing workpiece attached to a conveyor 
belt. The workpieces eventually move from one manipulator arm to 
the next in series, each arm performing specialized tasks, finally re- 
sulting in a completed factory component which can be joined with 
other completed factory components, either to expand the size of 
the current factory or to replicate another copy of the original fac- 
tory. Thousands of manipulator arms could fit in the volume of a 
single cubic micron. 

As Drexler describes this approach in an early popular presenta- 
tion””!” in 1991: “This general-purpose assembler concept resembles, 
in essence, the factory robots of the 1980s. It is a computer-con- 
trolled mechanical arm that moves molecular tools according to a 
series of instructions. Each tool is like a single-shot stapler or rivet 
gun. It has a handle for the assembler to grab and comes loaded 
with a little bit of matter — a few atoms — which it attaches to the 


Figure 4.31. Drexler factory replicator.?”'® (courtesy of K. Eric 
Drexler) 
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workpiece by a chemical reaction. Molecular 
bonds hold things together. In strong, stable 
materials atoms are either bonded, or they 
arent, with no possibilities in between. Assem- 
blers work by making and breaking bonds, so 
each step either succeeds perfectly or fails com- 
pletely. In [pre-molecular] manufacturing, 
parts were always made and put together with 
small inaccuracies. These could add up to 
wreck product quality. At the molecular scale, 
these problems vanish. Since each step is per- 
fectly precise, little errors can’t add up. The 
process either works, or it doesn’t. Thermal 
vibrations can cause mistakes by causing parts 
to come together and form bonds in the wrong 
place. Thermal vibrations make floppy objects 
bend further than stiff ones, and so these as- 
sembler arms were designed to be thick and 
stubby to make them very stiff. Error rates can 
be kept to one ina trillion [10°!7], and so small 
products can be perfectly regular and perfectly 
identical. Large products can be almost per- 
fect, having just a few atoms out of place.” 

In a description of what a microscopic ob- 
server would see of this process, from inside a 
virtual reality simulation, Drexler writes:7?!9 
“One assembler arm is bent over with its tip 
pressed to a block on the conveyor belt. Walk- 
ing closer, you see molecular assembly in ac- 
tion. The arm ends in a fist-sized knob with a 
few protruding marbles, like knuckles. Right 
now, two quivering marbles — atoms — are 
pressed into a small hollow in the block. As 
you watch, the two spheres shift, snapping into 
place in the block with a quick twitch of motion: a chemical reac- 
tion. The assembler arm just stands there, nearly motionless. The 
fist has lost two knuckles, and the block of nanocomputer is two 
atoms larger. [A few moments later], the assembler arm has moved 
by several atom-widths. Through the translucent sides of the arm 
you can see that the arm is full of mechanisms: twirling shafts, gears, 
and large, slowly turning rings that drive the rotation and extension 
of joints along the trunk. The whole system is a huge, articulated 
robot arm. The arm is big because the smallest parts are the size of 
marbles, and the machinery inside that makes it move and bend has 
many, many parts. Inside, another mechanism is at work: the arm 
now ends in a hole, and you can see the old, spent molecular tool 
being retracted through a tube down the middle. Within a few min- 
utes, a new tool is on its way back up the tube. Eventually, it reaches 
the end. Shafts twirl, gears turn, and clamps lock the tool in posi- 
tion. Other shafts twirl, and the arm slowly leans up against the 
workpiece again at a new site. Finally, with a twitch of motion, 
more atoms jump across, and the block is again just a little bit big- 
ger. The cycle begins again. This huge arm seems amazingly slow, 
but the standard simulation settings have shifted speeds by a factor 
of over 400 million. A few minutes of simulation time correspond 
to less than a millionth of a second of real time, so this stiff, sluggish 
arm is completing about a million operations per second.” 

The molecular manufacturing factory employs the principle of 
“convergent assembly”?”*?!3 to maximize efficiency. Using conver- 
gent assembly, molecular assemblers build blocks that go to block 
assemblers. The block assemblers build block assemblies, which go 
to system assemblers, which build systems, and so forth. “Ifa car 
were assembled by normal-sized robots from a thousand pieces, each 


assembly station 
{rr z 
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primary assembly line 


Figure 4.32. Drexler’s exemplar architecture for convergent assembly. This simple model 
of a spatial arrangement for a hierarchical convergent assembly process 
cessively more detailed diagrams of the intended process. In (a), a primary assembly line 
consisting of a series of 8 assembly stations (drawn as cubes) performs the final 8 assembly 
operations in a hypothetical manufacturing process. In (b), 8 secondary assembly lines 
provide parts to the final lines. Panels (c) and (d) illustrate tertiary and quaternary assem- 
bly lines. Since each level of lines contains an equal volume, this pattern cannot be 
indefinitely extended without self-intersection; that is, the maximum radius of expansion 
is bounded. (courtesy of K. Eric Drexler.*° Copyright © 1992 by John Wiley & Sons, 
Inc. Used with permission. http://www.zyvex.com/nanotech/nanosystems.html) 


208 illustrates suc- 


piece having been assembled by smaller robots from a thousand 
smaller pieces, and so on, down and down,” Drexler explains,”?!° 
“then only ten levels of assembly process would separate cars from 
molecules.” In Drexler’s proposed fractal convergent assembly pro- 
cess (Figure 4.32), the motion of components being assembled traces 
a tree in space. The trunk corresponds to the path traced by the 
final workpiece as the final components are assembled, the branches 
correspond to the paths traced by those components as they are 
assembled from simpler parts, and so forth — with the final stages 
resembling the middle and earlier stages, thus creating a fractal pro- 
gression.”’* Merkle?!’ has proposed a simpler configuration (Figure 
4,33) that retains many of the desirable performance characteristics 
of Drexler’s system. (See also Section 5.9.4.) 

In his 1992 technical analysis of this factory approach to molecu- 
lar manufacturing systems,”°? Drexler outlines an architecture for a 
system capable of manufacturing macroscopic product objects of mass 
~1 kg and ~20 cm dimensions in a cycle time of ~1 hour, starting 
from a feedstock solution consisting of small organic molecules. The 
feedstock molecules enter the system through a molecular sorting and 
orientation mechanism (Figure 4.34), pass through several stages of 
convergent assembly using mill-style mechanisms (Figure 4.35), and 
then pass through several more stages of convergent assembly using 
manipulator-style mechanisms (Figure 4.29). The full system has 10 
stages with progressively larger machines assembling progressively 
larger components at progressively lower frequencies (Table 4.1). If 
the manufacturing system can manufacture all of the components of 
which it is itself composed, Drexler’s proposed desktop manufactur- 
ing system (system mass ~1 kg) would also be capable of self-replication 
in about 1 hour (Figure 4.33(D)). 
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Convergent assembly ( schematic side view) 


Macroscopic output 


Mechanosynthesis and 
Positionally controlled 
assembly 


Figure 4.33. Merkle’s exemplar architecture for convergent assembly used in Drexler’s desktop molecular manufacturing appliance.?”8 (A) 
Schematic side view of convergent assembly in which molecular inputs are combined in parallel into successively larger compound blocks, 
ultimately reaching the scale of macroscopic output. (B) Three stages of convergent assembly produce a final product of ~1 meter in size from 
512 sub-sub-subassemblies each of which is ~0.125 meters in size (Section 5.9.4). (C) More detailed schematic side view of the convergent 
assembly of progressively larger compound blocks, ultimately reaching the scale of macroscopic output. Image courtesy of Eric Drexler, 
www.e-drexler.com. (D) External views of Drexler’s proposed desktop molecular manufacturing appliance, outside view (left) and cutaway view 
ofinner mechanisms (right). Images courtesy ofJohn Burch, Lizard Fire Studios (3D Animation, Game Development) http://www.lizardfire.com. 
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Figure 4.34. A molecular sorting rotor for the selective importation of 

molecular feedstock. In this sorting rotor based on modulated recep- 

tors,7°° a cam surface modulates the position of a set of radial rods. In t - output 
er ste 2 : ‘ : \ (twice speed) 

the binding position (mapping the illustration onto a 12-hour clock 

dial), the rods form the bottom ofa site adapted to bind molecules of 


the desired type. Between 10:00 and 2:00, the receptors undergo trans- 


\ 
s - é F ~ three outputs ~ 100 000 atoms 
port to the interior, driven by shaft power (coupling not shown). (173 frequency) ei volley anmuniily 


Between 2:00 and 4:00, the molecules are forcibly ejected by the rods, 
which are thrust outward by the cam surface. Between 4:00 and 8:00, 
the sites, now blocked and incapable of transporting molecules, un- 
dergo transport to the exterior. Between 8:00 and 10:00, the rods 


Figure 4.35. Schematic diagrams of mill-style reactive encounter 
mechanisms. These schematic diagrams show mill-style reactive 
>98 encounter mechanisms for molecular assembly,*”* including mecha- 
nisms designed for: (a) simple contact and separation, (b) prolonged 
contact with opportunity for substantial cam-driven manipulation, 
(c) transformation of moiety transit frequency, and (d) transforma- 
tion of moiety transit speed. (courtesy of K. Eric Drexler.7°* Copy- 
right © 1992 by John Wiley & Sons, Inc. Used with permission. 
http://www.zyvex.com/nanotech/nanosystems.html) 


retract, regenerating an active receptor. (courtesy of K. Eric Drexler. 
Copyright © 1992 by John Wiley & Sons, Inc. Used with permission. 
http://www.zyvex.com/nanotech/nanosystems.html) 


Table 4.1. Drexler’s exemplar molecular manufacturing system parameters (courtesy of K. Eric Drexler?) 


Number Number Unit Operating Product Mechanism Unit Radiation- Total Mass 
Number of Units of Inputs Frequencies Scale Scale Sensitive Mass of Mechanisms 
Level of Sets per Set? per Product (Hz) (nm) (nm)? (fg)‘ (kg) 
Input ordering‘ 1 1077 ~1 10° 0.5 20 0.02 0.002 
Reagent prep.® 1 10” ~1 10° 0.5 20 0.06 0.006 
Stage 1 mill’ 10 100 100 <10° 1 20 0.60 0.06 
Stage 2 mill 10% 100 100 <10° 5 20 0.60 <0.01 
Stage 3 mill? 10" 100 100 <10° 20 100 0.50 <0.01 
Stage 4 mill" 10° 100 100 10* 100 500 - <0.001 
Stage 5 mill 10° 100 1000 10* 1000 5000 - <0.001 
Stage 1 manip.' 10° 2 10° 500 10° 2x10° - <0.001 
Stage 2 manip. 104 2 10° 50 5x10° 10’ - <0.001 
Stage 3 manip. 1 2 10* 5 108 2x108 - 0.020 


a All numbers and frequencies are compatible with a ~1 gm/s throughput; within each stage, the combination of radiation-sensitive mass and number of units 
per redundant set is chosen to permit long operational lifetimes. 

b Mechanism scale describes (e.g.) the size of a single rotor in a mechanosythetic device, not of a multi-mechanism unit. 

c The radiation-sensitive masses of units of each kind are stated in femtograms (1 fg = 10°18 kg). 

d The mass of the input-ordering subsystem is estimated from Nanosystems2°8 Section 13.2.2. 

e The mass of the reagent preparation subsystem is based on Nanosystems208 Section 13.3.5. 

f Stage 1, 2 mill units: the mass per encounter mechanism is assumed to be the same as in reagent preparation. 

g Stage 3 mill units: the moving parts are assumed to be large enough to permit designs tolerant of radiation damage (Nanosystems208 Section 14.2.2b), and 
the radiation-sensitive mass is that of product structures in transit through the unit. 

h Stage 4, 5 mill units: the moving parts and product structures are assumed to be damage tolerant; the number of units per set is large chiefly to permit lower 
frequencies and speeds. 

i Manipulator units: the arm structural mass is chosen to permit designs with stiffness >100 N/m, and with all bending-mode frequencies >100 times the unit 
operating frequency; the arm supporting structures are assumed to be 10 times more massive than the arms themselves. 

Copyright © 1992 by John Wiley & Sons, Inc. Used with permission. http://www.zyvex.com/nanotech/nanosystems.html) 
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Drexler?°8 summarizes as follows: “A wide range of macroscopic 


products can be made with good efficiency by using mills to make a 
diverse set of building blocks in the 107 to 10° m size range and 
then using manipulators to assemble them into macroscopic prod- 
ucts. Inclusion of a secondary production capability that applies 
manipulators to smaller building blocks (at the moietal level where 
necessary) can provide unusual building blocks without requiring a 
dedicated mill mechanism. The exemplar system...makes the sim- 
plifying assumption of a hand-off from mills to manipulators at a 
single block size, 10° m [-1 micron].” 


4.9.4 Feynman Grand Prize (Foresight Institute) 

In an effort to stimulate scientific and engineering interest in con- 
structing the first nanoassembler, in November 1995 the Foresight 
Institute (a not-for-profit organization founded by Drexler) created 
the $250,000 Feynman Grand Prize,23!4 with major funding con- 
tributed by Zyvex founder James R. von Ehr II and St. Louis venture 
capitalist Marc E. Arnold. The prize will be awarded to the individual 
or group that first achieves both of two significant nanotechnology 
breakthroughs — first, the design and construction of a functional 
nanometer-scale robotic arm, and second, the design and construc- 
tion of a functional 8-bit adder computing nanodevice. 

According to Grand Prize tules,”>!* the robotic nanomanipulator 
must fit entirely inside a 100-nm cube, carry out actions directed by 
input signals of specified types, be able to move to a directed sequence 
of positions anywhere within a 50-nm cube, complete all directed 
actions with a positioning accuracy of 0.1 nanometer or better, and 
perform at least 1,000 accurate, nanometer-scale positioning motions 
per second for at least 60 consecutive seconds. The adder must fit 
entirely within a 50-nm cube, and must be capable of adding accu- 
rately any pair of 8-bit binary numbers, discarding overflow, accept- 
ing input signals of specified types, and producing its output as a 
pattern of raised nanometer-scale bumps on an atomically precise 
and level surface. (J.S. Hall notes that a conventional 8-bit adder may 
be constructed using a total of 94 AND, OR, and NOT gates; using 
XOR gates, the total may be reduced to 37 gates.) Both devices may 
accept inputs from acoustic, electrical, optical, diffusive chemical, or 
mechanical means, although any mechanical driving mechanism used 
for input must be limited to a single linkage that either slides or ro- 
tates on a single axis. To demonstrate the capacity for mass-production, 
at least 32 copies of each device must be provided for analysis and 
destructive testing by judges. The device does not need to demon- 
strate self-replication to qualify for the Grand Prize. 


4.10 Merkle Molecular Assemblers (1991-2000) 

Following Drexler’s original discussions, !?%79%:29!9 Merkle 
authored or co-authored a series of papers during 1991-1999 dis- 
cussing various operational aspects and specific components of as- 
sembler design, including mechanosynthetic positional con- 
trol,7!922!,231 general design considerations for assemblers,7!°?!4 
the broadcast architecture,*”? convergent assembly,”'? bindin 
sites,2!4 nanotech parts design,73163050 positioning devices,7!>20! 
mechanosynthetic path sets,”!° designs for a neon pump?!” and a 
fine motion controller,”*' and possible assembler casings.”!” Merkle 
explored four different specific architectures for molecular assem- 
blers during the 1990s, including a generic assembler in 1992-1994 
(Section 4.10.1), a replicating brick assembler in 1995-1997 (see 
Section 4.11.2), a convergent assembly factory system in 1996-1997 
(see Section 5.9.4), and the cased hydrocarbon assembler in 
1998-2000 (Section 4.10.2), described below. 


4.10.1 Merkle Generic Assembler (1992-1994) 
In 1992, Merkle published a set of broad specifications for a 
generic assembler design?!' which was to include positional 
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mechanochemistry using “robot arms” similar to Drexler’s telescoping 
manipulator (Figure 4.29), plus a physical barrier to keep the internal 
workings of the machine (in vacuum) separate from the external (liq- 
uid) environment. The list of required specifications was to include 
the following items: (1) the type and construction of the computer; (2) 
the type and construction of the positional device; (3) the set of chemi- 
cal reactions that take place at the tip; (4) how compounds are trans- 
ported to and from the tip, and how the compounds are modified (if 
at all) before reaching the tip; (5) the class of structures that the assem- 
bler can build; (6) the nature of the internal environment in which the 
assembler mechanisms operate; (7) the method of providing power; 
(8) the type of barrier used to prevent unwanted changes in the inter- 
nal environment in the face of changes in the external environment; 
(9) the nature of the environment external to the device; (10) the trans- 
port mechanism that moves material across the barrier; (11) the trans- 
port mechanism used in the external environment; and (12) a receiver 
that allows the assembler to receive broadcast instructions. 

The generic assembler was to be able to manufacture a range of 
diamondoid products, where “diamondoid” was construed to include 
“atoms other than carbon such as hydrogen, oxygen, nitrogen, sulfur, 
and other elements that form relatively strong covalent bonds with 
carbon.” This would require, in turn, a significant number of differ- 
ent types of input molecules to be presented to the device as feed- 
stock, in order to minimize the need for chemical processing: “To 
simplify the design, it might be desirable to provide all compounds in 
the feedstock in essentially the form in which they would actually be 
used. This would place the burden of synthesizing the specific com- 
pounds on whoever made the feedstock. If, on the other hand, we 
wished to provide only a relatively modest number of simple com- 
pounds in the feedstock, then there would have to be a correspond- 
ing increase in the complexity of the internal processing in the assem- 
bler in order to synthesize the required complex compounds from the 
simple compounds that were provided. Early designs will likely have 
limited synthetic capabilities and will be almost completely depen- 
dent on the feedstock for the needed compounds. As time goes by, 
some of the compounds provided in the feedstock will instead be 
synthesized directly within the assembler from simpler precursors. 
Ultimately, those compounds that can be synthesized more economi- 
cally in bulk will not be synthesized internally by the assembler but 
will simply be provided in the feedstock. Those compounds which 
are more easily and economically made internally by the assembler 
will be eliminated from the feedstock.” A multi-stage cascade approach 
(Figure 4.36) would be used to transport and purify input compounds, 


inbound transport mechanism 
inbound flow of product molecules 


reservoir 


outbound transport mechanism 


outbound flow of impurities 


Figure 4.36. Schematic diagram ofa staged cascade molecular sortation 
process, based on molecular sorting rotors. (courtesy of K. Eric 
Drexler.*”* Copyright © 1992 by John Wiley & Sons, Inc. Used with 
permission. http://www.zyvex.com/nanotech/nanosystems.html) 
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both because feedstock might contain impurities and because the many 
different feedstock compounds must be segregated before use. 

The generic assembler was to include an onboard computer: “It 
might well be that electronic designs will provide the best perfor- 
mance, [but] a broad range of designs for mechanical computers 
exists [and] the components of the molecular mechanical computer 
could be made from the class of diamondoid structures.” Addition- 
ally, the assembler was to include a mechanical pressure sensor to 
allow it to receive instructions acoustically through its liquid envi- 
ronment, which was regarded as a way to reduce onboard memory 
requirements: “Broadcasting instructions to the assemblers also 
means that the memory on board the assembler can be greatly re- 
duced. Each assembler need only remember the small portion of 
the broadcast which pertains to its particular actions, and can ig- 
nore the rest. If the broadcast instructions are repeated periodically 
then each assembler need remember only enough instructions to 
keep it busy until the next broadcast is received. In the limit, each 
assembler could simply execute instructions intended for it as they 
were broadcast, and do nothing when instructions for other assem- 
blers were being broadcast. This approach minimizes the memory 
that each assembler requires.” 

By the end of 1992,7!° Merkle had adopted the above limit of 
fully “stripped down” assemblers that would consist solely of a 
molecular constructor: “The computational element has been 
moved into a large, macroscopic computer where the computa- 
tion is done once, and the simple instructions that result from the 
computation are broadcast to the actual constructors. The mo- 
lecular constructors are thus ‘gutless wonders’ — they are barely 
able to receive and interpret some simple instruction, such as ‘move 
your arm one nanometer to the left.’ This architecture allows the 
molecular constructor to be simpler and smaller than a 
general-purpose assembler, while the computational device is a 
conventional macroscopic computer.” Drexler’s Nanosystems,”°* 
published earlier in 1992, had also proposed that “replacing com- 
puters and stored instructions with broadcast instructions can sim- 
plify molecular manufacturing systems.” 

Unlike later designs, Merkle’s early generic design uses acoustic 
signals only to provide information, not energy, to the device. 
Merkle’s generic assembler was to be powered by “chemical energy 
from fuel provided in the external environment.” 


4.10.2 Merkle Cased Hydrocarbon Assembler (1998-2000) 

After abandoning his 1995-1997 “replicating brick” assembler 
design (see Section 4.11.2) because of several inconvenient features, 
in 1998 Merkle began work on a more technically detailed third 
assembler design*!? which he called a “cased hydrocarbon assem- 
bler.” Reminiscent of peas-in-a-pod (Figure 4.37), Merkle’s new 
design included an assembler device that floats in a solution feed- 
stock and is completely enclosed within a flexible cylindrical 
graphene casing, allowing the gaseous interior environment to be 
kept separate from the liquid exterior environment. During a single 
replication cycle, the parent assembler device first inflates its casing, 
builds two copies of itself inside the casing, then ruptures the origi- 
nal casing (which is thrown away), pushing or releasing the two 
daughters out into the exterior environment. When fully unfurled, 
the assembler device is 200 nm in diameter and 1000 nm in length. 
The parent is destroyed during replication, but the assemblers in- 
crease their numbers during each replicative cycle and the number 
of daughters that each parent produces per generation can be made 
larger than two* to modestly improve replicative efficiency. 
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Figure 4.37. Schematic drawing of the Merkle cased hydrocarbon 
assembler.7!”? Two HC assemblers have just been completed but 
not yet released. Their casings are shown rolled up, and the two 
pressure actuated pistons are shown as inactive (in the fully re- 
tracted position). The output of the demultiplexor is indicated, but 
the control lines from it have not been shown going to the various 
controlled components of the assembler to avoid confusion in the 
drawing. 


Because evacuated single-walled carbon nanotubes with a radius 
exceeding ~2.7 nm are more stable when collapsed”*!” and because 
the graphene casing of Merkle’s exemplar assembler is 100 nm in 
radius, it is necessary to pressurize the casing to prevent this col- 
lapse. Inert neon gas pressurized to 50-600 atm should be sufficient 
to inflate but not rupture the casing, but makes a near-liquid inter- 
nal environment since the compressed neon will be 4-40% the den- 
sity of liquid water according to van der Waals’ equation.*”* During 
construction, the casings of inactive daughter devices are built 
rolled-up (like a sleeping bag). The volume of each rolled-up casing 
is 210,000 nm’, or just 0.7% of the 0.031 micron? volume of the 
fully inflated casing — hence both daughter devices can easily fit 
inside the parent. The interior manufacturing systems are much the 
same as in the replicating brick proposal (Section 4.11.2), except 
that in the cased assembler proposal Merkle refers to “robot arm” 
manipulators and cites both Drexler’s telescoping molecular ma- 
nipulator arm and his own Stewart platform designs as examples, 
but without specifying which is to be used in this design. 

Both control signals and mechanical power enter the device 
through two large (-104 nm?) externally-mounted pistons, rather 
than the few dozen internally-positioned pistons in Merkle’s pre- 
vious replicating brick design. This eliminates the need for pres- 
sure equilibration (between internal and external environment) 
evident in Merkle’s replicating brick design — allowing high in- 
ternal pressurization which prevents casing collapse — but adds a 
requirement for two new subsystems. First, a signal demultiplexor 
is needed to convert the force from two pistons into correspond- 
ing force on any one of several molecular control cables. Second, a 
system of interior cables to carry power and control signals is 
needed, which must be strung in a way which does not interfere 
with assembler operation. The cables are needed because in the 
cased assembler architecture, the source of power is physically sepa- 
rated from the manufacturing mechanisms, whereas in the repli- 
cating brick architecture the acoustic power is broadcast through- 
out the gas-filled interior of the device and thus is directly avail- 
able to all interior mechanisms able to receive these signals. The 
cables are envisioned as a flexible rod inside a flexible sheath analo- 
gous to a bicycle derailleur cable, as for example a polyyne rod 
encased in a (9,0) carbon nanotube sheath. Pulling on the rod 
while pushing on the sheath produces a force that can be trans- 
mitted along the length of the cable. 


* C. Phoenix*” observes that the maximum efficiency of this replicative strategy cannot be significantly increased because the optimum number of daughters per generation 
appears to be approximately three. A complete quantitative discussion is in Section 5.9.2. 
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The two pistons, each measuring 12 nm in radius and 20 nm in 
length, have different threshold actuation pressures. This allows ei- 
ther piston to be selectively addressed by adjusting the pressure of 
the feedstock solution. The pistons are operated at 10 MHz using a 
two-band signaling approach, one band for each piston. In this de- 
sign, the lower pressure piston cycles the demultiplexor through its 
possible outputs (selecting which among the many output lines is 
to be driven), while the higher pressure piston drives the currently 
selected output, allowing the outputs of the demultiplexor to be 
selected and driven in any desired sequence using only two pistons. 
An operating pressure of 2 atm, with excursions to 1 atm to operate 
the low pressure piston and excursions to 3 atm to operate the high 
pressure piston, should suffice for reliable operation. The maximum 
pressure is significantly smaller than that proposed for the Drexler 
minimal assembler (Section 4.11.1) for two major reasons. First, by 
adopting a two-band signaling system (instead of Drexler’s 
many-band signaling system) the number of pressure ranges that 
must be accommodated is reduced from many (perhaps 20 or more) 
to only two. Second, by reducing the number of pistons and locat- 
ing them externally, their size and hence their sensitivity to pressure 
changes is increased. Fewer narrower pressure ranges reduces the 
maximum pressure that is required. The cased hydrocarbon assem- 
bler is composed of ~10? atoms. Assuming that on average the ad- 
dition of one atom to an assembler will require 1000 pressure cycles, 
then a total of 10!” pressure cycles are needed to complete one rep- 
lication cycle. At 10 MHz, this is ~28 hours. 

Reviewing the rationale for his design efforts,7!” Merkle ex- 
plained: “Today, we are unable to build any assembler. We are, there- 
fore, searching among the space of simpler designs for systems which 
might be easier to make. The present design is not among the sim- 
plest because it is constrained by the requirement that it be able to 
fabricate stiff hydrocarbons. Designs that might be appropriate tar- 
gets for direct synthesis with existing technologies are unlikely to be 
able to make diamond, but will probably work with molecular build- 
ing blocks whose assembly is simpler and which impose fewer con- 
straints on the environment. The present design is neither the next 
experimental target nor the final destination. It is a way point along 
the route from present capabilities to the future.” 


4.11 Extruding Brick Assemblers (1992-2003) 


In all assembler designs which employ a physical barrier to main- 
tain separate internal and external environments, the products of 
molecular manufacturing — including successive replicas of the 
manufacturing system itself — must eventually be delivered from 
the internal space to the exterior environment. At least three strate- 
gies to accomplish this are apparent. First, the export of product to 
the external environment can be allowed to permanently contami- 
nate the interior environment of the assembler, whereupon the origi- 
nal assembler can no longer function and must be discarded. Sec- 
ond, product export can be allowed to contaminate the interior 
environment of the assembler, but the assembler is designed to re- 
seal itself and remediate its internal environment post-export, after 
which remediation the original assembler can then resume manu- 
facturing operations with some delay. Third, product export can be 
accomplished while continuously maintaining the integrity of the 
physical barrier during the export process — there is never any con- 
tamination of the interior environment of the assembler and the 
original assembler can resume manufacturing operations immedi- 
ately following product export, with no delays. Examples of the 
third approach might include progressive airlocks, construction of 
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product system 


Figure 4.38. Schematic illustration of the extruding brick geometry 
fora molecular assembler. (courtesy of K. Eric Drexler.?°* Copyright 
© 1992 by John Wiley & Sons, Inc. Used with permission; http:// 
www.zyvex.com/nanotech/nanosystems. html) 


internal partitions or sliding sealwalls to isolate the product object 
prior to export, discardable “shipping crates,” or continuous extru- 
sion systems. 

A simple example of the latter approach is the “replicating brick” 
or “extruding brick” geometry, first suggested by Merkle and de- 
scribed in Section 14.3.2 of Nanosystems”® in 1992.* In this geom- 
etry (Figure 4.38), an exported object can have two physical dimen- 
sions as large as the two smallest dimensions of the manufacturing 
system, and can have a third dimension which is essentially unlim- 
ited. Thus delivered products can be of the same size or larger than 
the system that produced them, and just three replicative genera- 
tions may suffice to increase all three physical dimensions of the 
original manufacturing system. (A more complex extrusion system 
could export product objects that are rolled up and later unfurl, as 
proposed by Merkle,*’? or that have nonrigid walls composed of 
the metamorphic surfaces proposed by Freitas in Section 5.3.2 of 
Nanomedicine,??8 allowing all three product dimensions to be si- 
multaneously larger than those of the parent device because the prod- 
uct object can expand itself immediately after extrusion, like inflat- 
ing a balloon.) 

Three proposals for molecular assemblers employing the extrud- 
ing brick architecture have been published in the literature — the 
Drexler minimal assembler (Section 4.11.1), the Merkle replicating 
brick assembler (Section 4.11.2), and the Merkle-Freitas molecular 
assembler (Section 4.11.3) — as summarized below. 


4.11.1 Drexler Minimal Assembler (1992) 

In 1992, Drexler (in Nanosystems,*°® Section 16.3) proposed a 
“minimal diamondoid-material mechanosynthetic system” explic- 
itly specifying the extruding brick architecture (Figure 4.38). This 
device has “an inert [internal] workspace environment in which 
highly active reagent moieties can be positioned relative to workpieces 
with high precision and reliability.” Drexler’s minimal assembler 
would comprise ~100 moving parts and ~2 x 10’ atoms, or ~ 160,000 
nm? of diamondoid structures packaged into a total assembler vol- 
ume of ~(100 nm)?. The mean error rate per manufacturing opera- 
tion can be as poor as 10°8, far less than the 10°) error rate antici- 
pated for more mature assembler systems.*”* 

The assembler floats in a liquid solution consisting of feedstock 
molecules of several kinds, prepared by conventional chemical syn- 
thesis, “each having a reagent-precursor moiety at one end and a 
distinctive ‘handle’ of several dozen atoms at the other.” Differences 


* According to S.M. Krylov,?3”° a crudely similar architecture “was suggested for a self-replicating robot in the patent application submitted to USSR Patent Department in 1974 
[see included figures]. Of course this robot was built from ‘macro’ parts, but the concurrence of conceptual solutions is obvious. By the way, it is clear that there are other 


possible shapes very close to replicating brick.” 
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between handles enable selective binding (e.g., as illustrated in Fig- 
ure 4.34), whereupon: “Forces applied by a manipulator can drive 
the rotation of a receptor from the exterior to the interior of the 
enclosure, and can force the release of a bound feedstock molecule; 
the handle can then bind to a larger block with a standardized, 
grippable surface. A pair of manipulators (one can be an immobile 
gripper) can be situated so that their tips can interact. Bound feed- 
stock molecules can then be moved, placed, and made to interact 
with flexible control of encounter sequence and geometry. The re- 
sulting mechanochemical transformations can generate a wide range 
of reagent moieties and subassemblies from a smaller range of feed- 
stock molecules. In particular, relatively unreactive precursors (stable 
in solution) can be transformed into highly active reagents in the 
inert environment within the enclosure. Once prepared, reagents 
can be applied, transferring groups to (or abstracting atoms from) a 
workpiece. 

Unfortunately, while operating, this assembler produces large 
amounts of garbage, necessitating a waste expulsion pump: “The 
preparation and application of reagent moieties will generate wastes 
in the form of discarded handle structures. These will typically have 
a volume greater than that of the product structure, and must be 
cleared from the workspace. The manipulator can deliver them to a 
relatively unselective positive-displacement pumping mechanism for 
expulsion into the surrounding solution. Spent handles might re- 
semble feedstock molecules enough to compete for receptors. This 
problem can be avoided by either (1) ensuring that their use modi- 
fies structures important to binding, (2) ensuring that their con- 
centration in solution remains very small, or (3) trapping them in 
an expandable external compartment (e.g., a bag).” 

The internal “inert workspace environment” envisioned here is 
not vacuum, but rather “a helium-filled structure [that] can equal- 
ize interior and exterior pressures to minimize wall flexure. More 
precisely, an enclosure can include an expansion bellows, thereby 
concentrating flexure in a region designed to accept it. Evacuated 
regions would be needed (if at all) only inside actuators, and these 
could be pumped: the presence of a few molecules would be incon- 
sequential. Helium can be admitted (and large molecules excluded) 
by helium-permeable pores. A suitable internal helium pressure will 
result if the surrounding liquid is in contact with gaseous helium, 
and if the mean fluid pressure does not vary too widely or too fast.” 
Given a ~10° nm? interior volume and a mean gas mole-fraction 
impurity concentration <10° in the helium gas, “the probability of 
the presence of a stray nonhelium molecule in any one device is 
<0.1, hence most [devices] lack any contamination. Many reactive 
contaminants would be neutralized by gettering, that is by provid- 
ing sacrificial reactive surfaces with which they can combine with- 
out harmful effect. One such contaminant is hydrogen, the mol- 
ecule most likely to enter through helium-permeable pores.” 

Control and power are delivered to the assembler acoustically. 
“Pressure-threshold actuators enable substantially independent con- 
trol of several tens of mechanisms within a single manufacturing 
system; an indefinitely large number of identical systems can be 
driven through the same sequence of operations at the same time.” 
Drexler describes two possible actuator systems: a high-pressure sys- 
tem with a 20,000 atm operating range and 20 distinct actuator 
classes using 5 nm? pistons having threshold actuation pressures in 
1000-atm steps (i.e., 1000 atm for the first actuator, 2000 atm for 
the second actuator, etc.), and a low-pressure system with a 200 
atm operating range and 20 distinct actuator classes using 500 nm? 
pistons having threshold actuation pressures in 10-atm steps (i.e., 
10 atm, 20 atm, etc.). A drawback to this design is the problem of 
collateral actuation — as Drexler notes, “shifting the ambient pres- 
sure monotonically from the [threshold pressure] value for one class 
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Figure 4.39. A ratchet mechanism driven bya pair of pressure-thresh- 
old actuators. Pressure-threshold actuators can drive a ratchet mecha- 
nism that moves a rod.”8 Engaging a latching pawl prevents the rod 
from moving left or right spontaneously, but the rod can readily be 
driven to the right by the following sequence of forces applied by the 
driving and latching pawls (which are mounted in the same housing 
structure): (1) At highest pressure, both pawls are retracted. (2) As 
the pressure falls, the latching pawl extends and engages, forcing the 
driving pawl to engage. (3) As the pressure drops through the active 
range of the driving pawl, it extends, forcing the rod to the right and 
momentarily lifting the latching pawl against the force of a spring; 
the latching pawl re-engages after moving one notch to the left. (4) 
An increase in pressure crossing the active range of the driving pawl 
resets it, preparing to move the rod a further step during the next 
downward pressure transition. A return to the highest pressure 
retracts both pawls again, allowing a bias force (not shown) to reset 
the rod position to the left. (courtesy of K. Eric Drexler.*°8 Copy- 
right © 1992 by John Wiley & Sons, Inc. Used with permission. 
http://www.zyvex.com/nanotech/nanosystems.html) 


to that of another class, then back again, will cycle all actuators of 
intermediate [threshold pressures] exactly once.” An ideal system 
would avoid this, allowing the control system to drive only the one 
desired actuator during each operation cycle. 

The arrival of acoustic control pulses from the external environ- 
ment causes the assembler geometry to lengthen or shorten (via the 
“bellows” mechanism) with the shifting pressure, transmitting the 
pressure changes into the helium-filled interior of the device and 
thence to pressure-driven threshold actuators, which directly drive 
ratchet mechanisms (Figure 4.39) that extend or retract the struts 
of a Stewart platform-type manipulator (Figure 4.40); such manipu- 
lators are already well-known in commercial macroscale robotics.***! 
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Figure 4.40. A positioning mechanism based on the Stewart plat- 
form. (A) This six-strut positioning mechanism has a joint at each 
end, shown for simplicity as ball-and-socket joints at the base and as 
flexible point attachments at the top. Each strut has a set of actuators 
able to adjust its length. (B) The figure at left shows a two-dimensional 
schematic of a Stewart platform based positioning mechanism, whose 
kinematics correspond to three of the six degrees of freedom ofa full 
three-dimensional platform. The figure at right illustrates a portion 
of the available range of motion. Note that the lateral range exceeds 
the length of the arm in a retracted position. (courtesy of K. Eric 
Drexler.?°° Copyright © 1992 by John Wiley & Sons, Inc. Used with 
permission. http://www.zyvex.com/nanotech/nanosystems.html) 


This manipulator then executes the physical motions necessary for 
all onboard manufacturing operations. “Using a manipulator mecha- 
nism able to reach a large portion of the interior space, complex 
behaviors can be implemented by complex control sequences, rather 
than by complex hardware. With 10 MHz actuator stepping rates, 
manufacturing can proceed at ~200 operations per second, enabling 
a system to build an object of its own complexity in about a day.” 
However, no method is given by which a daughter device can be 
separated from the parent without disturbing the interior environ- 
ment of the parent. 

Drexler*°® makes the important additional observation that “a 
manipulator can replace many other control mechanisms. With a 
‘hand’ in the workspace, various devices can be ‘hand operated’ — 
for example, a manipulator could push any one of a dozen levers to 
select and move a particular transport mechanism, or it could move 
a partially finished part from a clamp to a special jig for a series of 
operations, and then to its destination. To minimize parts and physi- 
cal complexity, it may be desirable to use a manipulator for many 
purposes beyond the narrowly mechanochemical.” 
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4.11.2 Merkle Replicating Brick Assembler (1995-1997) 

During 1995-1997, Merkle*!*) adopted Drexler’s minimal as- 
sembler proposal (Section 4.11.1) using the extruding brick archi- 
tecture (Figure 4.38), and began to flesh it out. Merkle’s device, 
which he called a “replicating brick” assembler, would be a sealed 
container with diamondoid walls floating in a liquid medium (Fig- 
ure 4.41). It was noted that water or a suitable hydrocarbon such as 
hexane or other liquids would suffice, as long as they could dissolve 
all required feedstock molecules, as yet unspecified. The inside of 
the box would be compressed neon gas of unspecified pressure, which 
would allow acoustic power and control signals to be transmitted 
from the external liquid environment into the gaseous internal en- 
vironment, and thence to pressure-driven threshold actuators each 
~125 nm? in volume. A giant sliding end cap “piston” provides pres- 
sure equilibration between interior and exterior. A vacuum interior 
was explicitly rejected because of the requirement for “an internal 
medium that is able to carry acoustic (pressure) signals.” Merkle 
agreed with Drexler that helium was an attractive alternative that 
should also work, but as the design might use sliding seals which 
should block diffusion of the inert gas, it is convenient to select the 
slightly larger-atom inert gas neon. “While sliding seals that block 
the passage of helium should be feasible, they must be tighter and 
present a greater design challenge.” Also following Drexler, the broad- 
cast architecture was explicitly adopted. 

Merkle restricted his assembler “to the class of ‘diamondoid’ struc- 
tures defined in Nanosystems*®® as including structures made from hy- 
drogen; first row elements such as boron, carbon, nitrogen, oxygen 
and fluorine; and perhaps some second row elements such as silicon, 
phosphorous, sulfur and chlorine. Metals and other elements will gen- 
erally (though not always) be excluded from consideration.” However, 
Merkle had already recognized that the design might be further sim- 
plified, and anticipated his later cased hydrocarbon design, when he 
added: “We will frequently confine ourselves to hydrogen and carbon, 
as hydrocarbon structures are relatively easy to analyze and can often 
provide remarkable materials properties (e.g., diamond, graphite, and 
related structures). Potential energy functions which provide a good 
description of the behavior of hydrocarbons are available.” Feedstock 
molecules would be transported from the exterior of the assembler to 
the interior using multiple stages of variable affinity binding sites. Once 
inside, molecular tools with highly reactive tips’?! — including radi- 
cals, carbenes, and other highly reactive species of the general type 
found today in the CVD synthesis of diamond — would allow the 
synthesis of diamondoid structures. In 1997, Merkle”!° published a 
theoretical proposal for a partially complete mechanosynthetic tool 
set for building hydrocarbons. 
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Figure 4.41. Merkle replicating brick assembler.”!? 
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Inside the assembler, an unusual double-tripod”!? Stewart plat- 
form — a relatively compact, six degrees of freedom positional de- 
vice combining high stiffness with a wide range of motion — is 
used for the internal transport of molecular tools and other compo- 
nents via a simple “pick and place” procedure. This design simplifi- 
cation is possible because within the shell of the assembler, the loca- 
tion of every structural atom is known to within the positional un- 
certainty created by thermal noise — which is small in this case 
because the internal structural components have relatively high stiff- 
ness. Hence “the position of every structural atom in the system can 
be known to within a fraction of an atomic diameter with high 
reliability at room temperature and without the need for explicit 
positional sensing. This approach might be likened to a blind man 
assembling a product at a workbench where every tool and every 
component had a known position — the blind man would be able 
to perform the assembly operations despite the absence of positional 
sensing capabilities because the location of every nut and bolt was 
known.” 

As in Drexler’s minimal assembler, Merkle’s replicating brick 
employs some tens of pressure-actuated ratchets positioned as driv- 
ers directly on the struts of the manipulator device. But instead of 
Drexler’s 20 different threshold pressure bands, Merkle usefully in- 
troduces for the first time a two-band signaling model: “Instead of 
addressing each individual ratchet by assigning it its own pressure 
range, we use pairs of ratchets and use only two pressure ranges. 
The first pressure range activates the first of the pair of ratchets, 
which we will call stepping ratchets, and causes a circular band to 
be stepped forward. At one or more points on the circular band are 
notches that indicate that the second of the pair of ratchets is to be 
made active. Each pair of ratchets has a unique set of notches in its 
associated circular stepping band. The second ratchets we will call 
working ratchets: they control the actual activities of the assembler. 
All working ratchets are either active or inactive, depending on the 
presence or absence of a notch in the stepping band. Signals sent in 
the second pressure range cause the active working ratchets to step 
but have no effect on the inactive working ratchets. By this method 
an indefinite number of working ratchets can be made active or 
inactive, and in fact can be made active and inactive in sets. The 
price we pay for this mechanism is the need to send stepper signals 
to activate the stepper ratchets and so select which working ratchets 
are to be active. While this will somewhat slow the signaling pro- 
cess, it has the distinct advantage over [Drexler’s minimal assem- 
bler] that the addition of new working ratchets will not require an 
extension in the pressure range of the system. Thus, new working 
ratchets can be readily added late in the design or implementation 
cycle with minimal bother. In addition, the total pressure range that 
the system must accommodate is made much smaller, simplifying 
both the pressure control mechanisms and the design of the pres- 
sure actuated ratchets (the amount of overpressure that a ratchet is 
required to tolerate is greatly reduced, for example). Other devices 
required for assembler operation besides the struts of the double 
tripod will also be operated by threshold pressure actuated ratch- 
ets.” One hidden complexity in this approach is the multitude of 
circular “stepping bands” at each control site which effectively act 
as a distributed multiplexor (Section 4.10.2) and could add signifi- 
cant bulk to the machine, and whose design is largely uncompleted. 

While a selective transport mechanism for helium might only 
require simple pores large enough in diameter to permit the passage 
of helium but sufficiently small to exclude other contaminants, a 
selective transport mechanism for neon will be more complex be- 
cause a pore large enough to allow neon to pass might also permit 
the entry of linear molecules composed of first row elements such 
as No, O2, and CO2. One mechanism for dealing with this problem 
would be to block both ends of a pore that is too short to hold any 
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molecule longer than neon when the pore’s ends are blocked, and 
then alternately open either end of the pore, making certain that 
both ends of the pore are never open at the same time as this would 
permit entry of linear molecules. Drexler*>!” has also proposed a 
molecular pump that molecular dynamics tests’*? suggest should 
be able to pump neon, but hydrogen and helium would likely be 
able to penetrate such a mechanism and hence should be excluded 
from the external liquid environment. Proposed designs for selec- 
tive transport mechanisms “must be compared with the expected 
profile of contaminants in the surrounding liquid to insure that the 
rate of entry of contaminants is sufficiently small. While the con- 
centration of helium should be kept small, some trace amounts of 
helium should be harmless. A few other small contaminants (such 
as N>) might also be of concern. While it seems unlikely that they 
would enter as readily as Ne, H2 or He, their entry rate might still 
be unacceptably high. If this proves to be the case, then their con- 
centration in the external liquid environment must also be kept 
low. For the present proposal this is acceptable as a major objective 
is to simplify the design of the assembler even if that increases the 
cost of creating and maintaining the environment in which it oper- 
ates. More generally, the complexity of the self-replicating compo- 
nent can often be reduced by imposing tighter constraints on the 
environment in which it functions.” 

Merkle notes that self-replicating systems that employ a barrier 
to prevent external contaminants from entering the internal regions 
may also require a method of increasing the volume of the internal 
region, and that the replicating brick approach will allow this: “A 
brick with dimensions X > Y > Z extrudes a new brick along the Z 
axis oriented such that the Y dimension of the newly extruded brick 
is aligned with the X dimension of the original brick, and the Z 
dimension of the newly extruded brick is aligned with the Y dimen- 
sion of the original brick. The X dimension of the newly extruded 
brick is aligned with the Z dimension of the original brick, but 
because this is the direction of extrusion the fact that X > Z does 
not create a problem.” 

Because it was unclear how to extrude a daughter without poi- 
soning the interior environment of the parent, Merkle proposed 
extruding a “hollow shell” of more than twice the parental length, 
permitting “the construction inside it of two assemblers of dimen- 
sions X, Y and Z. When the two new assemblers have been manu- 
factured inside the hollow shell, the shell is pushed out of the origi- 
nal assembler. This breaks the seal of the original assembler (the 
parent ‘dies’ in the process of releasing the two offspring) and opens 
up one end of the hollow shell, thus permitting the two newly 
manufactured assemblers to exit the shell. While this process is clearly 
wasteful (retaining the parent assembler in a functional state would 
be desirable), it simplifies the design of the extrusion process as the 
hollow shell is called upon to perform only a single task, rather than 
also acting as the wall of the new assemblers. Changes in the design 
of the hollow shell and its extrusion process have little impact on 
the design of the assembler.” However, as with Merkle’s later cased 
hydrocarbon design and even with Drexler’s earlier minimal assem- 
bler design, a significant amount of waste material is generated and 
(in Merkle’s designs) all replicative generations prior to the last are 
thrown away as garbage, an unfortunate result. 


4.11.3 Merkle-Freitas Hydrocarbon Molecular Assembler 
(2000-2003) 

A new design for a molecular assembler employing the extrud- 
ing brick architecture, drawing upon modified elements of earlier 
designs (Sections 4.11.1 and 4.11.2) and introducing new design 
elements, resulted from a multi-year collaboration between Merkle 
and Freitas during 2000-2003. The Merkle-Freitas molecular as- 
sembler design repairs all known defects of earlier efforts and 
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addresses additional problems not previously recognized by others. 
For example, the acoustic power/control piston count is reduced to 
one, allowing volumetric displacement, power input, efficiency, and 
reliability to be maximized. The proposed control signal 
demultiplexor is eliminated in favor of a much simpler control chain 
concept. The design is further simplified by the elimination of all 
gases from the interior (substituting a vacuum), by adding a novel 
“elevator” mechanism, and by eliminating all internal cabling which 
would be relatively difficult to assemble reliably. The continuous 
extrusion of daughters is achieved while maintaining full external 
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seal integrity of parental device walls, thus preventing the destruc- 
tion of parental devices following replication. All waste products — 
including molecular effluents (e.g., spent parts handles, gases), rup- 
tured casings, and destroyed parental devices — are eliminated, yield- 
ing a 100% clean, environment-friendly, zero-waste molecular manu- 
facturing system, the first such ever to be proposed. 

A summary description of the Merkle-Freitas hydrocarbon mo- 
lecular assembler design appears below. A more complete descrip- 
tion of the design with all available details may be published else- 
where at a future date. (A few details are in Appendix B.) 
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Figure 4.42. Physical device specifications for the Merkle-Freitas hydrocarbon molecular assembler 
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4.11.3.1 Summary Description 

The Merkle-Freitas Hydrocarbon Molecular Assembler (Figure 
4.42) would be an entry-level molecular manufacturing device which 
allows the unitary fabrication and extrusion of molecularly precise 
rigid hydrocarbon product objects, including objects like itself: The 
Merkle-Freitas assembler is a “minimal assembler” design that re- 
quires a minimum of onboard structural complexity so that initial 
assembler devices can be constructed using the more limited tools 
and techniques available in a pre-assembler technology environment. 
Subsequent assembler devices can be conveniently built by the ini- 
tial assembler device. 

The Merkle-Freitas assembler floats in a 2 um? liquid-filled 
room-temperature microfluidic reaction chamber containing n-oc- 
tane hydrocarbon solvent in which acetylene feedstock molecules 
are dissolved. Acetylene molecules are mechanically transported into 
the device and employed as a source of carbon to construct a prod- 
uct object which is slowly extruded from the device, then released 
from the device upon completion of manufacture. Solvent molecules 
of n-octane are also mechanosynthesized and exported as a harm- 
less byproduct to carry off excess hydrogen safely, resulting in a 
zero-pollution manufacturing system. A pair of 7-strut Stewart plat- 
form manipulators mechanically operate the feedstock molecule 
import and byproduct molecule export mechanisms, and also ma- 
nipulate an onboard mechanosynthetic tool set’*????9?> to build 
(1) diamond or other stiff hydrocarbon product objects to molecu- 
lar precision, and (2) byproduct molecules. The manipulators re- 
ceive power and step-by-step product/byproduct manufacturing 
instructions as a series of external pressure pulses broadcast at 10 
MHz throughout the solvent fluid. These pulses originate from an 
acoustic signal generator abutting the microfluidic reaction cham- 
ber, and subsequently are transduced by an onboard piston into 
linear actuation motions which in turn drive manipulator motions 
coupled through a mechanical control chain system. Tight sliding 
seals maintain internal vacuum at all times. 


4.11.3.2 Product Object Extrusion 

The Merkle-Freitas Hydrocarbon Molecular Assembler includes 
an interior space and an exterior space, separated by a barrier con- 
sisting of a piston attached to an elevator plate. The interior space is 
a controlled environment where various delicate operations can be 
performed. The exterior space is a less-controlled environment which 
provides feedstock and physical support. All manufacturing takes 
place on the inside, in the controlled vacuum environment. The 
Merkle-Freitas assembler employs an “extruding brick” architecture 
which permits the manufacture of objects — whether valuable prod- 
uct or additional assemblers — of sizes smaller than, equal to, or 
larger than the original manufacturing system, enabling easy 
scalability. During a replication cycle (Figure 4.43), the parent 
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device extrudes the daughter device, after which both parent and 
daughter may extrude a subsequent generation, and so on. 

Geometrically, the Merkle-Freitas assembler is essentially a rect- 
angular box. The four large external sidewalls of the daughter de- 
vice are smooth and parallel as they are extruded. During replica- 
tion, the four sidewalls establish a tight seal with the inside edges of 
a rectangular extrusion hole located in the extrusion wall (one of 
the two largest of the four sidewalls) of the parent. 

Initially, the extrusion hole of the parent is plugged with the 
premanufactured piston end wall (the small YZ face containing the 
piston that emerges first) of the future daughter. As the daughter is 
manufactured and extruded, the extrusion hole of the daughter is 
plugged with the premanufactured piston end wall of the future 
granddaughter, thus maintaining vacuum inside both parent and 
daughter. 

Each piston end wall lies flush with the sidewall in which it is 
embedded. When replication resumes, the parent extrudes its daugh- 
ter with the piston end wall of the future granddaughter already 
installed in the daughter. The piston end wall of the granddaughter, 
along with the daughter’s four sidewalls, slide in contact with the 
extrusion hole of the parent while the daughter is being extruded 
from the parent. Thus five of the six external walls of the device are 
smooth as they are extruded during the replication cycle. Once a 
section of the daughter is clear of the parental extrusion hole, this 
surface smoothness may be modified as required (e.g., pop-out of 
spring-loaded van der Waals pegs; Section 4.11.3.4(11)). Addition- 
ally, after self-replication or extrusion of an improved device, some 
or all of these smooth walls could in principle be discarded, expos- 
ing whatever complex surface might be desired on any face. Similar 
considerations apply to the extrusion of desired non-self product 
objects during the analogous product manufacturing cycle. 


4.11.3.3. The Broadcast Architecture for Control 

Von Neumann’s proposed architectures for self-replication,? the 
replicating lunar factory designs proposed for NASA* in 1980 by 
Freitas and by von Tiesenhausen and Darbro, Drexler’s original as- 
sembler proposal in 1986,'??°8 and living systems all carry a com- 
plete set of plans for the system onboard the replicating system, in 
some form of internal memory. This is not a logical necessity in 
general manufacturing systems, as was observed by the 1980 NASA 
study (Freitas and Gilbreath,” p. 215): “It is quite possible to imag- 
ine the lunar factory operating nonautonomously...the in situ com- 
puter used simply as a teleoperation-management system for opera- 
tions controlled directly by Earth-based workers [with] informa- 
tion necessary to accomplish [replication] supplied from outside. 
An alternative would permit the on-site computer to handle mun- 
dane tasks and normal functions with humans retaining a higher-level 
supervisory role.” 
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Figure 4.44. Schematic of the broadcast architecture for control. 


Broadcast instructions (teleoperation) can enable system replica- 
tion without internally stored instructions (Section 2.3.6), an ar- 
rangement which has been termed the “broadcast architecture”,”°°?!° 
first described in the parallel-operation nanotechnological context 
in Section 16.3.2(a) of Nanosystems:°°* “Broadcast instructions. Re- 
placing computers and stored instructions with broadcast instruc- 
tions can simplify molecular manufacturing systems. Signals can be 
broadcast to molecular mechanical systems in several ways, but sig- 
naling by modulated pressure via mechanical transducers is both 
simple and adequate.” Similar conclusions have been reached by space 
technologists who suggest using remote-control procedures (e.g., 
“teleoperation,” “telepresence,” “telerobotics,” or “teleautonomy”;!® 
see also Section 3.9) to reduce the high cost of items that would 
otherwise have to be expensively raised into orbit. 

If we separate the “constructor” from the “computer” and allow 
many individual constructors to receive broadcast instructions from 
a single central computer, then each constructor need not remem- 
ber the plans for what it is going to construct.*” Rather, it can 
simply be told what to do as it does it (Figure 4.44). This approach 
eliminates the requirement for an integral repository of plans within 
the constructor (which is now the only component that must repli- 
cate) and also eliminates almost all of the mechanisms involved in 
decoding and interpreting those plans. This general approach is simi- 
lar to the SIMD architecture of the Connection Machine,”*”° in 
which a single complex central processor broadcasts instructions to 
a large number of very simple processors. Storing the program, de- 
coding instructions, and other common activities are the responsi- 
bility of the single central processor; while the large number of small 
processors need only interpret a small set of very simple instruc- 
tions, thus allowing those small processors to retain comparatively 
simple structure and function. It is interesting that the living cell 
also employs the broadcast architecture’ on a massively-parallel 
scale, using chemical rather than electrical or acoustic signaling: the 
DNA-containing nucleus acts as a central computer and data re- 
pository that broadcasts chemical instructions in the form of mRNA 
messenger molecules to up to ten million’”® structurally simpler 
manufacturing devices distributed throughout the eukaryotic cyto- 
plasm, called ribosomes. Following the instructions received from 
the messenger molecules, the ribosomes manufacture all cytoplas- 
mic proteins using unidimensional positional assembly (Section 4.2). 

The specific advantages of the broadcast architecture are that: 
(1) it reduces the size and complexity of the self-replicating compo- 
nent, (2) it allows the self-replicating component to be rapidly redi- 
rected to build something novel, and (3) it is “inherently safe” (Sec- 
tion 5.11) because the individual constructors lack any capability 
to function autonomously, a feature that is particularly clear when 
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the central computer is macroscopic and under our direct control. 
For these reasons we explicitly adopt the broadcast architecture for 
control in our proposed design for a molecular assembler. 


4.11.3.4 Hydrocarbon Assembler Subsystems 

The Merkle-Freitas Hydrocarbon Molecular Assembler consists 
of 12 major subsystems, as illustrated schematically in Figure 4.45, 
quantified in Table 4.2, and summarized below: 


1. Acetylene Binding Site and Import Mechanism. The acety- 
lene binding site consists of a (9,0) carbon nanotube of open 
inside diameter 0.7 nm and 2 nm in length, long enough to 
contain up to 4 molecules of acetylene. The binding site is em- 
bedded in a diamond block drawer that can be mechanically 
slid back and forth through a rectangular hole in the I/O 
(input-output) wall of the hull while maintaining a tight seal. 
Once conveyed inside, an acetylene molecule is forced into the 
receiving chamber by a polyyne rod inserted into the binding 
site. A di-silicon radical (or other group IV element, possibly 
Sn?9?? or Ge;?3?5 further modeling work is required to validate a 
specific molecular tool) aligned to the acetylene molecule inside 
the receiving chamber binds the acetylene covalently, whereupon 
the captured feedstock molecule can be safely transported else- 
where inside the device for further mechanosynthetic processing. 


2. Vitamin Binding Site and Import Mechanism. When prod- 
uct objects consisting entirely of carbon and hydrogen atoms 
are to be fabricated, no vitamin imports are required during the 
manufacturing cycle. However, during the fabrication of a 
daughter device (e.g., self-replication) it is necessary to import 
30 atoms each of Si and Sn (or other group IV element) so that 
the mechanosynthetic tool tips of the daughter may be con- 
structed by the assembler. Chemically inert vitamin molecules 
consisting of an easily disassembled Si- and Sn-containing hy- 
drocarbon complex are added at a parts-per-billion trace con- 
centration to the external solvent fluid, but only a dozen of these 
molecules need be imported during the entire 10°-sec replica- 
tion cycle of the device. 


3. Octane Assembly Site and Export Mechanism. n-Octane mol- 
ecules are mechanosynthesized by combining excess hydrogen 
atoms with acetylenic precursors in a narrow hydrogen-passi- 
vated reaction bay that opens to the external solvent through an 
exhaust tube (terminating at the I/O wall) just beyond a narrow 
throat. After final synthesis and release of the n-octane mol- 
ecule, a carbene rod is inserted into the bay and irreversibly 
forces the n-octane molecule through the resistive energy bar- 
rier at the throat and into the exhaust tube. 
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Figure 4.45. Schematic view of Merkle-Freitas assembler subsystems. 
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Table 4.2. Atom count and volume of all major subsystems in proposed molecular assembler 


Assembler Sub- 


Atom Counts 


Total 


System (# in M.A.) C H Si Sn Total Atoms Volume (nm?) 
Hull and Piston (1) 180,576,282 6,619,130 0 0 187,195,412 1,026,001.6 
Elevator (1) 5,632,000 276,320 0 0 5,908,320 32,000.0 
Daughter Downhang 4,928,000 464,720 0 0 5,392,720 28,000.0 
Stewart Platforms (2) 2,804,751 736,535 0 0 3,541,286 15,936.1 
Extrusion Springs 528,000 326,560 0 0 854,560 3,000.0 
Piston Rod (1) 225,280 41,197 0 0 266,477 1,280.0 
Control Chain (1) 140,800 105,504 0 0 246,304 800.0 
Material Transport (3) 152,064 45,216 (0) 0 197,280 864.0 
Elevator Screws (4) 138,230 17,408 0 0 155,638 196.3 
Tool Tips (30) 105,600 45,216 30 30 150,876 600.0 
Internal Vacuum 0 0 0 0 0 892,754.0 
TOTALS 195,231,007 8,677,806 30 30 203,908,873 2,001,432.0 

4, Acoustic Transducer. Externally generated pressure pulses be- from 1-2 atm. The chain engages latching mechanisms at the 
tween 1-3 atm drive the acoustic transducer through a 15 nm control capstans of all elevator worm screws and Stewart plat- 
throw, producing a linear rod motion that provides informa- form struts. Cycling across the upper band steps the control 
tion and mechanical power to the assembler device. The trans- chain forward, applying power to successive control capstans. 
ducer has 3 components: (A) a piston plate (a hydrogen-termi- Cycling across the bottom band steps the control chain back- 
nated 10-nm thick rectangular diamond block with 45°-clipped wards, but without applying power to any control capstans. 
corners to accommodate the legs of the van der Waals cage; see Cycling across both bands (from 1-3 atm) causes the control 
(11) below); (B) a piston rod 4-nm thick attached to the center chain to step back and forth over the same control capstan, re- 
of the piston plate and extending back through the elevator plate peatedly applying power only to that one control capstan. 
to engage the control chain mechanism that is attached to the 8. Tool Garage, Tools, and Tool Tips. A complete set of mo- 
other side of the elevator plate, in the assembler interior; and lecular tool tips!2!62322-2325 sufficient to perform all required 
(C) the piston spring, attached to the exterior face of the eleva- mechanosynthetic functions during replication and product 
tor plate at one end and to the piston rod at the other end, to manufacturing, including diamond fabrication and 
provide a restoring force. During replication, the daughter de- deconstruction, hydrogenation and dehydrogenation of surfaces, 
vice is manufactured with its piston mechanically locked; slowly and tool tip recharge and fabrication are stored in the garage. 
cycling through 4 atm unlocks this piston, synchronizing Graspable jigs for operating molecular import/export mecha- 
daughter(s) and parent (whose piston is already unlocked) in nisms, controlling extrusion, or extending van der Waals cages 
preparation for the next replicative cycle. are stored in the tool garage, all within reach of the Stewart 

5. X-Axis Elevator. The 10-nm thick diamond elevator block per- platform manipulators. 
mits motion of the entire piston-manipulator assembly along 9. Subassembly Stations. Several areas designated as subassembly 
the X-axis of the assembler. Movement of the elevator is achieved stations include wall-mounted active tips, fixed jigs, and other 
by four capstan-driven worm screws that engage a linear se- mechanisms by which intermediate structures can be tempo- 
quence of shallow slots on the inner face of the hull wall. The rarily parked during fabrication, either to allow more efficient 
control chain mechanism and Stewart platform struts are at- execution of manufacturing sequences or to allow more com- 
tached to the interior face of the elevator plate. plex assembly operations such as insertion motions. 

6. Stewart Platform Manipulators. All mechanical manipulations 10. Extrusion Control System. Manufacture of product object pro- 
in the interior of the device are performed by either or both of a ceeds downward from the extrusion hole towards the opposite 
pair of Stewart platform manipulators.2°*232! Each manipula- floor. When sufficient fabrication has been completed, the 
tor consists of a tool chuck mounted via universal joints to 6 workpiece is ratcheted upward a controlled distance by sequen- 
telescoping struts mounted at their base to universal joints af- tially pulling spring-loaded locking pins out of their staggered 
fixed to the interior face of the elevator block. Each strut is a complementary pinholes in the exterior face of the workpiece 
matched pair of internally-threaded and externally-threaded and re-inserting them into the next-lowest pinhole in the 
tubes, whose capstan-driven relative helical motion extends or workpiece exterior face. This provides a controlled extrusion 
retracts the strut. An additional 7th control strut allows inter- process, provides mechanical resistance to hydrostatic 
changeable tool tips to be grasped or released by the tool chuck. backpressure and oscillatory acoustic forcing, and ensures that 

7. Control Chain. The control chain consists of a single flexible extrusion takes place even if resisted by significant external forces. 
molecular ribbon with a number of graphitic knobs integrally 11. Van der Waals Cages and Pegs. Multiple devices whose smooth, 


affixed to known positions along its length. A latchlike mecha- 
nism at the end of the piston rod engages the chain, converting 
piston-driven axial rod motion to transverse chain motion and 
forcing the chain to move. All normal operations use two pres- 
sure bands — an upper band from 2-3 atm and a lower band 


flat parallel surfaces approach too closely will be attracted to 
each other by van der Waals forces, in some cases noncovalently 
bonding into randomly-ordered aggregates. To prevent such 
surface bonding and consequent blockage of the I/O wall and 
the piston wall, two cages of rods configured as wire-frame boxes 
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are extended into the external environment from the I/O and 
piston walls, as soon as physically possible. Short spring-loaded 
pegs also deploy from the outer face of the locked piston on 
extruding daughters and granddaughter devices (or the equiva- 
lent face for other product objects) as soon as physically pos- 
sible, thus geometrically lessening surface attractive forces 
and reducing any attractive interdevice forces that might re- 
sist extrusion. 


12. Passive Hull System. The vast majority (~90%) of all carbon 
atoms present in the Merkle-Freitas Hydrocarbon Molecular 
Assembler constitute the 10-nm thick solid diamond hull. This 
passive hull is penetrated by three openings for materials im- 
port/export (I/O wall), by the piston plate at the opposite end 
(piston wall), by van der Waals cages at either end, and by the 
extrusion hole in which the daughter device or product object 
resides while it is being fabricated and extruded. 


4.12 Bishop Overtool Universal Assembler 
(1995-1996) 

In 1995-1996, Bishop***’8 proposed the “Overtool Universal 
Assembler” (Figure 3.20) as a system of kinematic cellular automaton 
(KCA) active cells (Figure 3.18) that could assemble individual KCA 
cells from more primitive parts.*’8 Each of the KCA cells are cubic 
machine blocks called “XY cubes” measuring ~167 nm on an edge in 
the baseline design. The cube structural material is asserted to be 
diamondoid. Each active cell contains an embedded digital control- 
ler to allow communication between blocks and to perform other 
housekeeping functions, and an internal electromechanical interface 
switch for power and signals. Energy is delivered to the cell electri- 
cally, via sliding contacts, and the drive system is a type of linear 
electrostatic motor in which dielectric material is successively drawn 
into the gaps between the two plates of a switched row of capacitors. 

When two XY cubes are interfaced and aligned, four tapered, 
retractable locking pins extend from one cell to complementary re- 
ceivers in another cell, locking the two cubes together. The me- 
chanical interfaces consist of orthogonal T-slots cut into the face of 
a cube. Each cube has an active faceplate on three of its adjoining 
faces, and passive faceplates on the other three faces. (The issue of 
van der Waals adhesion was mentioned but not seriously addressed 
in the paper.) These geometric features introduce a chirality to any 
aggregate of XY cubes, along with a specific orientation for mutual 
interfacing. Cube rotation is not permitted, so this internal organi- 
zation is maintained regardless of the configuration of the aggre- 
gate. An active face is always adjoining a passive face as cubes slide 
against one another. A “motion primitive” is a single cell move across 
one cell length, with the moving cell beginning and ending in the 
aligned rest position. Multiple motion primitives applied to many 
cubes in many directions can produce complex movements and shape 
changes of the aggregate. 

The Overtool itself is an active cell aggregate — a space-filling 
polyhedral aggregate with internal sliding planes and manipulators 
on the faces of some of the cells. “The essence of this proposal,” 
Bishop explains, “is to reduce the number of individual parts (the 
cells) to a small set of identical components governed by a few simple 
rules of interaction. A collection, or aggregate, of these cells then 
forms a device of arbitrary size which can change its configuration 
to fit the desired task. The active cells and nanomanipulators are 
further broken down into a set of standardized parts. The assembler 
may be capable of making and assembling all of these parts, thereby 
replicating itself.” The Overtool aggregate would “provide the nec- 
essary functionality, variability, and means of transport to form the 
core of a universal assembler, for macroscopic assembly as well as 
for positionally controlled chemical synthesis.” 
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4.13 Goddard Proposed Assembler Simulation Study 
(1996) 

In 1996, William A. Goddard and colleagues”*”’ proposed a series 
of molecular dynamics simulations of simple assemblers, as part of 
their Computational Nanotechnology Project at the California Insti- 
tute of Technology, although by 2001 funding for the assembler stud- 
ies had not yet materialized. According to Goddard’s original proposal: 

“Dynamic tests of a molecular assembler. Ultimately we need a 
programmable synthetic system to make a real device. Even though 
we may not have tools for all the chemical steps and may not have 
designs for all the pumps, engines, and transmissions needed, we 
propose to study the dynamics of simplified prototype assemblers. 
In these studies we anticipate having (1) a reservoir or supplies area 
for providing the various building units (atoms and fragments) re- 
quired, (2) a work area in which we construct the nanomachine 
device (initially we will consider assembling the structure on top of 
a diamond surface), and (3) a molecular scale nano-hand which 
will extract the atoms from (1) and carry them to (2). We will then 
use extensions of our MPSim massive molecular dynamics program 
to operate the system: moving the tip from reservoir to work area, 
moving it to contact the appropriate surface site, moving it to re- 
generate the active tip, and then moving it back to add new atoms 
and molecules. This will include proper temperature effects, mo- 
lecular vibrations, energy release upon the various chemical steps, 
etc. The ground rules here are that a realistic force field be used and 
that all pieces be treated at the atomic level (but some might be 
semi-rigid). This will use the force field developed for nanosynthesis. 
The purpose of these simulations is to examine issues of vibration 
caused by chemical forces as the tool picks up and delivers atoms to 
the growing surface. Also we want to consider the effect of energy 
release in the chemical steps on the thermal fluctuations in these 
systems (which may cause displacements and vibrations).” 


4.14 Zyvex Nanomanipulator Array Assembler System 
(1997-1999) 

An early assembler system design appeared on the Zyvex Corp. 
website during 1997-1999,7°?8 and in a different version in 2000,7°7? 
and read, in part, as follows: 

“Our idealized assembly process starts from a Computer-Aided 
Design (CAD) description of some object to be built. 
Computer-Aided Manufacturing (CAM) software decomposes 
the object into primitive building blocks and then into an as- 
sembly sequence. The assembler control computer uses this as- 
sembly sequence to control a huge number of nanomanipulators 
performing mechanochemistry to build the desired object. Each 
nanomanipulator may only be capable of moving a single mo- 
lecular scale building block around, but since there are a huge 
number of these nanomanipulators working simultaneously, the 
system is capable of building a large quantity of products. 

“The assembler differs from both semiconductor manufacturing 
and bacteria in that it operates on some atomically precise molecular 
building blocks to build precise structures of arbitrary complexity, as 
specified by a CAD/CAM program. Very simplistically, it could be a 
bank of molecular-scale robotic arms with chemical binding sites on 
some arms, and grippers to hold components being built on another 
set of arms, all under the control of an outboard computer instruct- 
ing it how to move to snap together the building blocks for the de- 
sired product. The assembler control computer totally controls the 
product being built, driving the manipulators to execute the sequence 
of motions specified by the manufacturing software. In the morn- 
ing, this assembler might make computer memory modules; in the 
afternoon, it might make medical manipulators; later it might be 
programmed to build power storage devices. 
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“The initial assembler will not include an onboard computer or 
power source for the manipulator, so must be controlled and pow- 
ered from outside the device. The system design required for a prac- 
tical assembler must deal with how to get power and signal into a 
huge number of nanomanipulators, as well as how to get feedstock 
to them and take finished materials away after construction. [One] 
approach would be to anchor nanomanipulators on a substrate that 
could provide power, control, and a transport system for materials. 
Such a system could move a large number of manipulators by mov- 
ing the substrate, and thus could build objects much larger than 
itself in all dimensions. 

“This first assembler can be a crude device; its purpose is to show 
that molecular nanotechnology is feasible, and to build a better de- 
vice. For rapid improvement, the manufacturing system must be 
capable of being improved by the products it manufactures. A semi- 
conductor manufacturing plant cannot manufacture itself, hence 
the cost of a semiconductor production line goes up with each gen- 
eration, and is now nearly unaffordable. A well-designed 
nanotechnology manufacturing plant should not suffer from this 
problem, since it will be built using the same technology and tech- 
niques it is using to manufacture other goods. 

“The last point is important enough to restate. A practical de- 
sign for an assembler requires the assembler to be made from mate- 
rials it can handle. With this closure, assemblers can be manufac- 
tured as inexpensively as the products they make. This capability is 
often called self-replication, although we prefer the term exponen- 
tial assembly, which is less likely to be confused with living entities. 
Living systems carry their own instructions in DNA, while expo- 
nential assembly does not. Exponential assembly devices must re- 
ceive instructions from a conventional computer control system. 
This system design is both simpler and safer.” 


4.15 Bishop Rotary Assembler (1998) 

In 1998, an illustration (Figure 4.46) and an animation 
one possible version of a nanomanipulator array assembler system 
was conceived and designed by Forrest Bishop of Interworld Pro- 
ductions.”°°° The XY table with a putative buckytube STM tip might 
possibly have been inspired by a Zyvex illustration or by the written 
description of the proposed Zyvex array assembler system (Section 
4.14), as its operation is somewhat similar. 

According to Bishop:***! “The upper platter holds bulk-depos- 
ited molecules or moieties. An array of massively-parallel simple 
manipulators removes the molecules from the upper platter and adds 
them to devices being assembled on the lower platter. Different ar- 
eas of the feedstock platter might have different kinds of molecules, 
such that several assembly steps can be carried out before having to 
change out the upper platter. The conical roller moves radially, while 
the upper platter moves up and down, to access these different ar- 
eas. The STM tips would have some ability to compensate for the 
slippage of the roller as the tip reaches for its target.” 
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4.16 Hall Factory Replication System (1999) 

Following in the intellectual lineage of the 1980 Freitas fac- 
tory replication system (Section 3.13.2.2) and the 1991-1992 
Drexler factory replication system (Section 4.9.3), in 1999 J.S. 
Hall published a general design”? for a self-replicating molecu- 
lar manufacturing system that is likewise composed of specialist 
machines, each one individually incapable of full self-replication 
but which can collectively fabricate and assemble all necessary 
components comprising all specialist devices within the system. 
Whereas the Freitas factory design employs three main classes of 
specialist production machines (i.e., chemical processors, parts 
fabricators, and parts assemblers),2!°!4 and the Drexler factory 
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Figure 4.46. Rotary Assembler.***° One of the machines that will 
be possible using the new-found ability to manipulate single mol- 
ecules and atoms is illustrated here. This vaguely CD-ROM-like 
machine assembles other nanomechanical systems by means of 5 
degrees-of-freedom tips that pick molecules off the upper platter, ro- 
tate down and deposit them on the product arrays of the lower platter. 
(illustrations were a joint effort, and are provided courtesy, of Forrest 
Bishop (Interworld Productions, LLC) and Philip Van Nedervelde 
(E-Spaces); © 1998 Interworld Productions, LLC; all rights reserved) 


design employs a succession of manipulators at increasingly larger 
scales (i.e., molecular fabricators, block assemblers, system as- 
semblers),°°*?9! the Hall factory design simplifies the number 
of specialist machines to just two — a parts fabricator and a parts 
assembler: 

The parts fabricator has the following attributes: 


1. It has a work envelope smaller than, indeed probably within, 
itself. 


2. It operates with atomic precision. 


3. It makes parts which are single rigid objects with no internal 
configurational degrees of freedom (there may be an exception 
in the case of springs). 


4, It might be able to create strained structures, though in general 
these are to be avoided as requiring additional manipulative 
mechanisms. (It may be possible to produce structures with dis- 
locations by essentially chemical means, by virtue of the pattern 
of deposition reactions.) 


The parts assembler, on the other hand, has these attributes: 
1. It has a work envelope larger than itself. 


2. It does not necessarily operate with atomic precision; parts can 
be made to allow compliant assembly. 


3. It assembles parts into mechanisms which have multiple inter- 
nal degrees of freedom. 


4, It will be capable of exerting mechanical force to tension springs, 
snap snaps, and otherwise move the constructed system across 
energy barriers. 
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Figure 4.47. A motile parts-assembly robot in Hall factory 
replicator.””° (courtesy of J. Storrs Hall) 


The above architecture greatly simplifies the design of the fabri- 
cator because the objects it builds are rigid. This allows the fabrica- 
tor to address reaction points on the surface of the partially-built 
product object without concern for whether the object has under- 
gone a configurational change. It relieves the fabrication design pro- 
cess from the necessity of scaffolding, its provision and subsequent 
removal, simplifying the process and making it easier to maintain a 
eutactic environment. In the early stages, the system is assumed to 
be in a eutactic environment (possibly a non-reactive atmosphere). 
In later stages it may take on the task of extending the environment 
(e.g., with a balloon over the framework). Hall has described the 
components of his factory replicator in more detail: 

The parts assembler. The parts assembler consists of two ele- 
ments — first, a parts-assembly robot (Figure 4.47) that is, except 
for its motility, consistent with the currently well-understood prac- 
tice of parts-assembly robots; and second, a framework to move in 
(Figure 4.48) that provides precise positioning and traction (the 
problem of motion control is relatively modest). The salient fea- 
tures of the parts-assembly robot include its ability to engage, move, 
and turn in the framework, and the fact that it has two manipula- 
tors (although a judicious selection of jigs and clamps may obviate 
the duplication and permit a one-armed design). The outward clamps 
at the rear and near the geometric center of the robot engage the 
struts of the framework. This provides not only physical support 
but positional registration, as well as power and control signals. The 
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earliest generations of these robots will have no onboard control 
but will obey signals transmitted across the framework. The frame- 
work itself is a simple rectangular 3-dimensional mesh, originally 
with conductive paths for only a single circuit. In the earliest gen- 
eration, the entire framework is one interconnected multiconduc- 
tor system. In subsequent generations, switching elements are built 
into the connectors and multiple conductive paths are incorporated 
into the struts. “Ultimately, the framework is a distributed control 
system coordinating the activities of large numbers of robots, as 
well as forming the physical infrastructure for the target product.” 
This would appear to restrict buildable products to those objects 
which can tolerate the permanent internal embedding of 3-dimen- 
sional electronic meshworks. Also, it is not clear from the discus- 
sion whether the parts fabricators and parts assemblers themselves 
incorporate such meshworks. 

The parts fabricator. The parts fabricator (Figure 4.49) is loosely 
based on a conventional milling machine, with long motion axes all 
driven by lead screws and the motions of the wrist (Figure 4.50) to 
orient the working tip driven by high-reduction-ratio steppers with 
short working radii. The parts fabricator uses similar motor and 
control structures as the assembly robot, but these are arranged to 
deliver more precise (but thereby slower and shorter) positioning 
capability. In theory, a 4-position (2-phase) stepper with a 50-to-1 
reduction driving a 2-nm pitch lead screw (i.e. 1-nm lands and 
1-nm grooves) can position a slider with a precision of 0.01 nm 
(which is sufficient for mechanosynthesis), and the parts can be 
assembled correctly by a manipulator with only 0.10-0.25 nm pre- 
cision. “A problem that does not appear to have been addressed to 
date is that of starting the deposition process. A possible approach 
would be ‘starting blocks,’ which would be small blocks of 
diamondoid material provided as raw material (just as working tips 
would be). The table (Figure 4.49) would be tessellated with cavi- 
ties of an appropriate shape to bind the starting blocks reliably. Once 
the part had been fabricated, it would be removed from the table by 
the application of mechanical force by an assembly robot. The as- 
sembly robots would also position the starting blocks initially and 
provide the fabricator with a stream of working tips in early ver- 
sions. (Note that self-assisted assembly,* together with appropriate 
jigs and limit stops, allows the robot to place the tool precisely in 
the synthesizer’s manipulator.) An openwork truss can have a high 
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Figure 4.48. Rectangular 3-dimensional framework for parts assem- 
bly in Hall factory replicator.?*> (courtesy of J. Storrs Hall) 


Figure 4.49. Parts fabricator in Hall factory replicator.””? (courtesy 
of J. Storrs Hall) 


* Self-assisted assembly, like guided or directed self-assembly (Section 4.1.5), represents a halfway point between full positional assembly and full self-assembly — as for 
example, a screw which, when pressed to a hole and axially pushed forward, screws itself into the hole. 
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Figure 4.50. A detailed view of the wrist assembly of the parts fab- 
ricator in the Hall factory replicator.””° (courtesy of J. Storrs Hall) 


stiffness-to-mass ratio, and can be easily assembled from smaller parts. 
In this design (Figure 4.49), there are three axes of motion consisting 
of sliding dadoes driven by lead screws. There are three axes of orien- 
tation at the wrist for the mechanosynthetic active tip. The bend in 
the toolholder (Figure 4.50) allows a greater range of access to the 
typical object under construction than a straight one would.” 

Another interesting aspect of Hall’s design is his concept of a 
pre-planned sequence for “iterated design bootstrapping.” Whereas 
bootstrapping had previously been considered in other contexts (Sec- 
tion 3.9) — for example, Freitas!®™“ had advocated a basic two-step 
bootstrap in which a simple seed would build a complex factory, 
which factory would then build the desired large output product, a 
space probe (Section 3.11) — Hall*”’ discussed a multi-step pro- 
cess that might be the optimal overall approach to bootstrapping 
replicators: “Suppose we have a series of designs, each some small 
factor, say 5.8, more complex, and some small factor, say 2, faster to 
replicate, than the previous. Then we optimally run each design 2 
generations and build one unit of the next design. As long as we 
have a series of new designs whose size and speed improve at this 
rate, we can build the entire series in a fixed, constant amount of 
time no matter how many designs are in the series. (It’s the sum of 
an arbitrarily long series of exponentially 
decreasing terms — perhaps we should call 
such a scheme “Zeno’s Factory.’)” If the sim- 
plest possible factory replication “seed” sys- 
tem is assumed to be composed of ~107 
atoms and requires ~10° sec for replication, 
and the most complex system “with fully 
pipelined parts assembly” is assumed to 
include ~2 x 10'? atoms with a replication 
time of 2 x 10° sec, then the bootstrapping 
sequence from simplest to most complex 
system runs through ~25 successively im- 
proved factory designs. “With the appro- 
priate series of designs starting from the 
simple system above, the asymptotic limit 
is a week and a half (e.g., ~100 hours for 
design 1 to build design 2, followed by 50 
hours for design 2 to build design 3, plus 
25 hours for design 3 to build design 4, 
etc.) Since all the designs need to be ready 
essentially at once, construction time is to 
all intents and purposes limited by the time 
it takes to design all the replicators in the 
series.” 

Hall’s exemplar bootstrapping sequence 
would start with “a small framework, one 
assembly robot, and a pile of parts,” and 
would progress through a series of four 
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control (xtrl) 


Kinematic Self-Replicating Machines 


factory configurations, labeled “I” through “IV” in Figure 4.51. These 
would result in a more complex factory system differing dramati- 
cally from the first, with “each of the processes of the earlier stages 
taken over by specialized machinery. Pipelined processes (i.e., as- 
sembly lines) do the building, while pipes, conveyor belts, and, ulti- 
mately, vehicles do the moving. A fully-functioning fourth-stage sys- 
tem can discard everything that comprised the second stage system.” 


4.17 Zyvex Exponential Assembly (2000) 

At the micron scale, using existing MEMS (microelectromechanical 
systems) technology, Zyvex Corp. has designed simple pick-and-place 
robotic arms that could pick up relatively complex, planar, 
micron-scale parts made using lithographic techniques and then 
assemble those planar parts into simple three-dimensional robotic 
arms that have the ability to pick up specially designed MEMS parts. 
In Zyvex’s Rotapod’™ exponential assembly design,” this replica- 
tive technology starts with a single robotic arm on a wafer (Figure 
4,52) that makes a second robotic arm on a facing surface by pick- 
ing up miniature parts — carefully laid out in advance in exactly 
the right locations so the tiny robotic arm can find them — and 
assembling them (Figure 4.53). The two robotic arms then make 
two more robotic arms, one on each of the two facing surfaces. 
These four robotic arms, two on each surface, then make four more 
robotic arms. This process continues with the number of robotic 
arms steadily increasing in the pattern 1, 2, 4, 8, 16, 32, 64, etc., 
until some manufacturing limit is reached (e.g., both surfaces are 
completely covered with tiny robotic arms). This is an exponential 
growth rate, hence the name exponential assembly, but the assem- 
bly process requires (among other things) lithographically produced 
parts as well as externally provided power and computer control 
signals to coordinate the complex motions of the robotic arms. Thus 
this approach is an example of both the broadcast architecture (for 
instructions) and the vitamin architecture (for parts and energy) 
being employed in a single system. As a result, this system is very 
“inherently safe” (Section 5.11). 
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Figure 4.51. System diagram for the bootstrap path of a self-replicating manufacturing 
system.””° (courtesy of J. Storrs Hall) 
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Figure 4.52. Basic two-com- 
ponent Rotapod!™ assembly 
station.*”° Left: The rotational 
stages are labeled as are the grip- 
per, handle, and attachment 
points. Right: When the two 
components are assembled, the 
assembly station is as shown. 
(courtesy of Zyvex Corp.) 
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Figure 4.53. Sequence of Rotapod’™ assembly operations necessary for the first station to assemble the second.*”° (A) The stations are first 
shown unassembled. (B) After rotating one of the stations, the two are shown facing each other. (C) The first is then assembled. (D) The 
assembled station first rotates about the z-axis. (E) It then translates to grip the component of the other. (F) The second rotation stage of 
station one then rotates 90 degrees and the surface then translates such that the attachment points are aligned with translation. (G) After 


the attachment is made the gripper releases and the assembly is completed. (courtesy of Zyvex Corp.) 


While a general purpose robotic arm having six degrees of free 
movement (like human arms and hands) would be able to pick up 
parts and position them in any orientation and position desired, such 
a general purpose arm is harder to make. Zyvex’s simpler Rotapod'™ 
design uses robotic arms having only two rotational degrees of free- 
dom and a gripper (Figure 4.52), while offloading three degrees of 
freedom to the external environment: the surfaces on which the parts 
are arrayed can be moved in X, Y and Z, providing a total of five 
degrees of freedom for each robotic arm, with the three translational 
degrees of freedom being shared across all the robotic arms on a sur- 
face. Externally provided power and computer control cause all the 
robotic arms on a surface to operate synchronously and in parallel. 

Exponential assembly can be implemented on many differ- 
ent length scales. Given existing manufacturing capabilities, it 
should be possible to implement exponential assembly using 
MEMS technology with device sizes measuring tens or hundreds 
of microns and feature sizes of about one micron. Each rota- 
tional degree of freedom could be implemented using a planar 
rotating stage produced using standard lithographic techniques. 


Two such rotating stages can be attached at right angles, provid- 
ing the desired two degrees of rotational freedom for this assem- 
bly station. A gripper attached to one rotating stage completes 
the basic design. Assembly of the first robotic arm could be done 
manually using Zyvex’s MEMbler™ conceptual MEMS assem- 
bly station.?%** Having assembled the first robotic arm, the 
Rotopod™ could then assemble further robotic arms in expo- 
nentially increasing numbers (Figure 4.54), as illustrated in an 
animation.*°*> In 2003, a patent “Method and System for 
Self-Replicating Manufacturing Stations” (#6,510,358) for this 
manufacturing system was issued to Zyvex by the U.S. Patent 
Office.?”3 A crudely analogous electrophoretic system for stepwise 
exponential growth of DNA-based chemical replicators using 
pairs of alternating opposed deposition surfaces has been pro- 
posed by von Kiedrowski’s group. 196714281430 

In 2001, Zyvex was awarded a $25 million, five-year, National 
Institute of Standards and Technology (NIST) Advanced Technol- 
ogy Program government contract — to develop prototype 
microscale assemblers using microelectromechanical systems 
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Figure 4.54. Result of five generations of Rotapod™ exponential 
assembly operations (one completed robotic wafer shown, of two). 
(courtesy of Zyvex Corp.) 


(MEMS), extend the capabilities to nanometer geometries, and then 
to develop nanoelectromechanical systems (NEMS) for prototype 
nanoscale assemblers.” Along with its commercial partners and 
its university collaborators (Rensselaer Polytechnic Institute Center 
for Automation Technologies,” the University of Texas at Dallas, 
and the University of North Texas), Zyvex hopes to accelerate the 
production and commercialization of low-cost assemblers for mi- 
cro- and nanoscale components and subsystems. The ultimate pro- 
gram goal through 2006 is nothing less than automated micro- and 
nano-manufacturing — the design and construction of assemblers 
capable of handling thousands of sub-micrometer components at 
high speed, using MEMS to prototype systems which could then 
be built at relatively low cost. Zyvex engineers are conceiving and 
testing various manufacturing architectures that someday might lead 
to the massively parallel construction of large batches of identical 
molecular machines simultaneously. This could allow vast numbers 
of nanodevices and nanorobots to be produced to precise molecular 
specifications, relatively inexpensively. 


4.18 Freitas Biphase Assembler (2000) 

Prior to his collaboration with Merkle (Section 4.11.3) during 
October 2000, Freitas sketched out a simple scaling study of a new 
molecular assembler architecture as a thought-experiment to dem- 
onstrate subunit specialization using individual replicator devices as 
an alternative to the more conventional specialized-subunit “factory 
production line” approach of Drexler’s desktop assembler (Section 
4.9.3) and Hall’s factory replication architecture (Section 4.16). The 
biphase architecture also shows one way that the functions of fabri- 
cation and assembly performed by the Merkle-Freitas assembler (Sec- 
tion 4.11.3) could be separated into two distinct devices, possibly 
allowing faster operation and higher efficiency of the system as a 
whole although at the cost of some increased system complexity. 

In the biphase assembler architecture, two classes of microscopic 
replicator devices cooperate in the manufacture of more replicator 
devices while freely suspended in a working fluid (either a liquid or a 
pressurized inert gas). Following Freitas’ 1980 lunar factory replica- 
tion concept (Section 3.13.2.2) in which the factory is divided into 
chemical processing, fabrication, and assembly subsystems (Figure 
3.45), the biphase assembler is composed of (1) a population of iden- 
tical fabrication devices that manufacture parts from molecular feed- 
stock and (2) a separate population of identical assembly devices that 
manufacture fabrication devices and assembly devices from parts pro- 
duced by the fabrication devices. The fabrication devices can also 
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manufacture some range of non-self parts and the assembly devices 
can assemble some range of non-self parts, so that the system can also 
manufacture some range of useful non-self products. Fabrication and 
assembly devices are of similar size, in the 0.2-0.5 micron range. 

The fabrication device (Figure 4.55(A)) consists of a central 
fabrication chamber measuring 300 nm x 300 nm x 200 nm (in the 
X, Y, and Z directions). The left face of the chamber includes mo- 
lecular feedstock import and waste export mechanisms (e.g., sort- 
ing rotors) and an acoustic power/control piston, and on the right 
face is attached a workpiece arm garage 125 nm deep. To the top 
and bottom faces of the chamber are attached a 125-nm deep fabri- 
cation arm garage for each of the two fabrication arms. The 150-nm 
deep parts ejection piston garage is attached to the front face of the 
chamber, and there are tight-sliding parts ejection doors on the rear 
face of the central chamber, hence the entire fabrication device will 
fit within a 450-nm cube. 

During one cycle of operation, feedstock molecules solvated in 
the external fluidic environment are imported into the device and 
made available to two opposed mechanosynthetic fabrication arms 
which perform fabrication operations in a vacuum environment and 
can exchange and reuse tool tips stored in a recessed tooltip garage 
on the inside of the materials import wall. The workpiece is held in 
proper position and orientation by the workpiece arm. When fabri- 
cation of a part is complete, the two mechanosynthetic arms are 
retracted and stowed behind fluidtight doors, the tooltip garage is 
sealed off, the workpiece arm releases the part into the chamber inte- 
rior and then stows itself behind fluidtight doors, the parts ejection 
doors open (flooding the interior with working fluid from the exter- 
nal environment), the parts ejection piston ejects all contents of the 
fabrication chamber (including flood fluids and the recently finished 
part) from the chamber, the ejection doors close tightly against the 
piston face, the ejection piston retracts (re-establishing a vacuum 
inside the fabrication chamber), and the fabrication device is ready 
for the next cycle of operation. Obviously the chamber interior must 
contain no ledges where a finished part could become wedged and 
prevent its own ejection, and numerous other practical design issues 
remain to be addressed (e.g., bakeout plus rotor-based getters might 
be needed to remove lingering contaminant fluid molecules from 
the chamber interior between each cycle; released finished parts must 
be chemically unreactive with feedstock molecules and working fluid; 
etc.). It is envisioned that a large population of fabrication devices 
residing in a microfluidic processing tank would manufacture a large 
batch of one type of part, after which the mixed population of de- 
vices and parts could be readily separated by physical filtration or 
gentle centrifugation with the pure fraction of finished parts shunted 
to inventory and the pure fraction of fabrication devices returned to 
the processing tank for the next cycle of operation, ready to produce 
more parts of the same or a different kind. 

The assembly device (Figure 4.55(B)) consists of a large acous- 
tic power/control piston in a (200 nm)? box with 15 nm thick walls 
and a 100 nm throw, giving a power input up to ~3000 pW with 1 
atm pulses at 10 MHz. A power/control interface 50 nm thick trans- 
mits power and control signals to: (1) a parts acquisition mecha- 
nism (possibly including a special parts capture jig at the end effec- 
tor) on the top face of the assembly device, and (2) three manipula- 
tor mechanisms including two assembly arms and one workpiece 
arm, all 100 nm in length, whose bases are positioned at the points 
of an equilateral triangle on the right face of the assembly device. 
With all manipulator mechanisms fully extended the entire assem- 
bly device would fit within a box of approximate dimensions 200 
nm x 350 nm x 300 nm in the X, Y, and Z directions. All assembly 
operations take place in the external fluidic environment, at a loca- 
tion separate from the operations of fabrication devices. 
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Figure 4.55. Crude schematic of the fabrication device (above) and 
assembly device (below) in the Freitas biphase assembler system. (A) 
Biphase Assembler Fabrication Device. (B) Biphase Assembler As- 
sembly Device. 


During one cycle of operation, a feedstock part in fluidic suspen- 
sion is mechanically recognized and grasped by the parts acquisition 
mechanism, then presented at proper rotation to the two assembly 
arms which install the part into the growing workpiece held at proper 
rotation by the workpiece arm. The presence of three manipulator 
mechanisms makes possible mechanically complex assembly motions 
such as pin-insertion operations through two separate components 
whose holes must be simultaneously aligned. Because of the negli- 
gible mechanical influence of gravitational forces, the assembly de- 
vice should be able to grip and manipulate a workpiece as large as 
itself or even somewhat larger, with crucial enabling design elements 
such as number and placement of workpiece surface gripholds and 
assembly device manipulator armlengths subject to design control. 
The assembly device installs new parts, one by one, on the growing 
workpiece. If each of the assembly arms is similar to Drexler’s fluidtight 
manipulator arm (Figure 4.29) and thus includes 49 parts (Section 
4.9), and if we add an appropriate number of additional parts for end 
effectors, clutches, transmissions, odometers, power trains and the 
power/control piston assembly, and further assume 6 casing plates, 
then the assembly device is composed of a total of 430 parts and 
requires 429 assembly cycles to build a second assembly device. As 
with the fabrication devices, it is envisioned that a large population of 
assembly devices residing in a separate microfluidic processing vessel 
would first perform a large batch of one type of assembly operation in 
parallel, after which the mixed population of assembly devices with 
partially-completed workpieces attached and unused loose parts of 
one type floating in suspension would be separated by physical filtra- 
tion or gentle centrifugation with the pure fraction of unused parts 
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being returned to inventory and the pure fraction of assembly devices 
with attached workpieces being returned to the processing vessel, then 
mixed with a concentrated suspension of the next part type in the 
assembly sequence, in preparation for the next cycle of operation. 
Allowing 100 seconds per assembly cycle (including microfluidic sepa- 
rations) would give a replication time of ~0.5 day. (The fabrication 
device may possess up to twice as many parts and thus might require 
up to twice as many cycles for the assembly device to assemble it.) 

The basic biphase assembler architecture could be further spe- 
cialized by employing more than one class of fabrication or assembly 
device. In the limit of maximum specialization, using a separate class 
of fabrication device for each one of the many dozens of part types 
needed would allow each fabrication device to be optimized to achieve 
the most efficient manufacture of just one particular part type. Simi- 
larly, a separate class of assembly device could be used for each type 
of assembly joining operation that was required, essentially making 
assembly devices analogous to single-substrate enzymes in biology 
(e.g., “robozymes” or “mechanoenzymes”; Section 4.5). In principle, 
specialized assembly devices could perform covalent-bonding 
mechanosynthetic operations on parts to be joined, thus overcom- 
ing a key limitation of this architecture (viz., that fabricated parts 
must snap together during assembly in a fluid medium). 


4.19 Phoenix Primitive Nanofactory (2003) 

Recognizing that molecular manufacturing requires more than 
just mechanosynthesis, in 2003 Phoenix”**4 proposed a hierarchical 
system architecture for massively parallel assembly (Section 5.7) most 
directly in the lineage of the Drexler?°°-Merkle*!? convergent as- 
sembly nanofactory system (Section 5.9.4) at the early (smaller) stages 
of the hierarchy and the Drexler”°’ nanofactory system (Section 4.9.3) 
in the later (larger) stages of the hierarchy. According to the princi- 
pal published paper,??*4 the Phoenix architecture combines large 
numbers of programmable mechanochemical fabricators, under com- 
puter control, into a manufacturing system or nanofactory. In addi- 
tion to physical layout, Phoenix's architecture and analysis includes 
some consideration of convergent assembly processes and simple me- 
chanical connectors; thermodynamically efficient stepping drive 
mechanisms; redundancy and fault tolerance in fabricators and com- 
puters; product design, specification, and interpretation; product per- 
formance and cost; power budget, energy supply, and cooling; pro- 
duction, duplication, and bootstrapping times; and internal distri- 
bution of control information. 

Ina product cycle, each fabricator produces a 200-nm nanoblock, 
approximately the same size as the fabricator. (Blocks need not be 
solid cubes and their interiors may be quite complex.) These 
nanoblocks are then joined together, eight nanoblocks making one 
compound block twice as big. This process is repeated until the 
eight largest sub-product blocks are finally joined in an arrange- 
ment that is not necessarily cubical. The output of multiple prod- 
uct cycles may be combined to produce larger products. Products 
can be unfolded after manufacture, greatly increasing the range of 
possible product structures and allowing products to be much larger 
than the nanofactory that produced them. 

At the lowest level, a few thousand fabricators are arranged in a 
planar workstation grid (Figure 4.56). Their products are picked up 
and assembled into progressively larger blocks by a series of increas- 
ingly larger robotic manipulators using guide rails and linear actua- 
tors. This plus a control computer constitutes a basic, reliable pro- 
duction module (Figure 4.57). In a production module, fabricators 
are positioned on two opposite faces, delivering their product 
nanoblocks to the interior. The nanocomputer occupies a third side, 
surrounding the product exit port. The remaining three sides may be 
closed by thin walls, but need not be closed at all between adjacent 
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(Or other mechanochemical manipulator) 
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Double Tripod mechanochemical workstation 
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Figure 4.56. Nanofactory 
workstation grid. (courtesy of 
Chris Phoenix??34) 


Y rails 


Gantry-crane manipulator 


(More X and Z rails and grippers 
can be added) 


0.4 micron stage: 9 workstations, 
1 convergent assembly manipulator. 
Base: 0.6 x 0.6 micron. Height: ~1 micron. 


production modules. The interior is sparsely filled with gantry crane 
manipulators to assemble nanoblocks into larger blocks. Each pro- 
duction module produces a few product blocks, a few microns in 
size, by combining a few thousand nanoblocks. The production mod- 
ule includes multiple redundant fabricators interspersed throughout 
the fabricator arrays to permit multiple levels of fault tolerance in the 
event of fabricator failure or mechanochemical error. 

Production modules are stacked three-dimensionally into gath- 
ering stages, which assemble blocks and pass them to higher-level 
gathering stages (Figure 4.58). Each gathering stage fits neatly into 
a rectangular volume, with substages arranged in two rows on ei- 
ther side of a central assembly and transport tube. At each stage, 
product blocks are delivered through the center of the narrowest 
face, allowing compact stacking of multiple production modules or 
stages. The substages, themselves rectangular structures, fit together 
with no wasted space in each row. The gathering/assembly tube con- 
tains simple robotic mechanisms to join the incoming product blocks 
into larger product blocks and deliver them out the end of the as- 
sembly tube.?*#4 Space must be wasted between the rows, adjacent 
to the central tube, because this is a physically simple architecture. 

Because the nanofactory is built with primitive fabricators and 
control systems, it is expected to use a lot of energy and can be cooled 
using a working fluid containing suspended encapsulated ice particles 
as originally proposed by Drexler.7°* Molecular feedstock for 
mechanosynthetic processes is also dissolved in the working fluid. 


81 workstations with 0.4-micron and 0.8-micron 
assembly stages (internal supports not shown) 
Base is 1.8x1.8 microns. Height is 2.2 microns. 


Gaps are left for fluid channels adjacent to the fabrication arrays of 
the production modules, providing each fabricator with direct ac- 
cess to feedstock and, if necessary, flowing solvent to remove waste. 
As production modules are stacked, the cooling channels line up — 
the overall arrangement is a quasi-fractal working volume interpen- 
etrated by a non-fractal cooling channel volume. Power and signals 
are routed through the walls of the transport tubes, since the end of 
every transport tube touches the side of the next-larger tube. Each 
stage joins eight blocks to form one block with twice the linear 
dimension, so 19 stages are required to progress from a 200-nm 
nanoblock to a 10.5-cm product, plus one additional stage (a sim- 
plified gathering stage) that is used to transition from production 
modules to gathering/assembly stages.”>*4 

Finally, the entire factory is enclosed in a suitable casing with a 
mechanism to output final product without contaminating the 
workspace. In the highest level nanofactory layout, the overall 
nanofactory shape is a rectangular volume (Figure 4.59). The exterior 
shell consists of six flat panels, with each panel: (1) providing support 
to anchor the interior and prevent the working volume from collaps- 
ing under atmospheric pressure, and (2) supporting each other. Pan- 
els are hollow and pressurized, held rigid and flat using internal ten- 
sion members set at a slight angle. The design is easily scalable to 
tabletop size, with a ~1 meter factory producing eight ~5 cm blocks 
per product cycle. A tabletop nanofactory measuring 1 meter x 1 
meter x 0.5 meters might weigh 10 kg or less (without coolant), 
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Figure 4.57. The reliable basic production module. (courtesy of Chris Phoenix”>™) 
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Figure 4.58. Convergent assembly fractal gathering stages. (courtesy of Chris Phoenix”**) 
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Figure 4.59. Casing and final assembly stage of nanofactory layout. 
(courtesy of Chris Phoenix?***) 


produce 4 kg of diamondoid (~10 cm cube) in 3 hours, and could 
require as little as twelve hours to produce a duplicate nanofactory.”>** 


4.20 Zyvex Microscale Assemblers (2003) 

According to the new Zyvex corporate website””“* in early 2004: 
“Zyvex Research Activities support both shorter term Product De- 
velopment Projects and our longer-term goals of molecularly pre- 
cise manufacturing.” 

“The NIST-ATP project will develop prototype microscale 
assemblers using MicroElectroMechanical Systems (MEMS), ex- 
tend the capabilities to nanometer geometries, and develop 
NanoElectroMechanical Systems (NEMS) for prototype nanoscale 
assemblers. The program is structured to develop systems providing 
highly parallel microassembly and nanoassembly for real-world, 
high-volume applications. Zyvex proposed the NIST-ATP project 
in order to accelerate the technical, economic, and societal benefits 
of nanotechnology and to assist the United States in achieving a 
leadership position in the emerging nanotechnology arena. Other 
project participants are Zyvex’s joint venture partner Honeywell In- 
ternational, Inc. and university collaborators Rensselaer Polytech- 
nic Institute Center for Automation Technologies, and the Univer- 
sity of Texas at Dallas.” 

“Zyvexs Automation Project seeks to develop automated manipu- 
lation and assembly of micro, nano, and molecular scale components, 
for applications ranging from research to high volume manufactur- 
ing. The project was initiated to develop the following capabilities: 


¢ Automated precision assembly of millimeter and microscale com- 
ponents into unique systems (hybrid assembly) 


¢ Automated manipulation of nanoscale and molecular-scale com- 
ponents for R&D of novel structures 


¢ Microscale grippers, actuators, connectors, and automated systems 


¢ Contract application development for precision automated as- 
sembly and manipulation techniques 


The current capital equipment reality is that very high precision 
in assembly equipment demands a very high cost premium, and 
ever more elaborate schemes are required to assure system accuracy. 
Further, the macro schemes currently employed cannot deliver mas- 
sively parallel processing. No firm has yet developed a cost-effective 
solution to this macroscale model, but microscale tooling has the 
potential to deliver a cost effective solution.” 
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“Zyvex was founded to become the world’s leading supplier of 
tools, products and services that enable adaptable, affordable, and 
molecularly precise manufacturing. Zyvex has been developing tech- 
nology that will eventually lead to a Molecular Assembler technol- 
ogy. The Zyvex definition of a Molecular Assembler is ‘a user-con- 
trolled fabrication tool capable of creating molecularly precise struc- 
tures with 3-dimensional capability in an economically viable man- 
ner. When it is brought to full fruition, this technology will revolu- 
tionize virtually all manufacturing technologies with the ability to 
produce machines and materials with molecular precision. How- 
ever, we understand that a high throughput molecular assembler 
manufacturing technology is, in fact, a very long-term project. We 
have identified a path that will produce value as we work toward 
our long-term goal. In fact, all of the products and projects cur- 
rently being pursued at Zyvex have been developed as a result of our 
efforts towards a Molecular Assembler. We have also identified a 
number of high-value, low-volume products that will be produced 
with prototype molecular assemblers that have very limited output 
capabilities. While we have spent considerable effort investigating 
molecular pick and place as an approach to a Molecular Assembler, 
we are exploring other approaches. 

The Molecular Assembler Project currently consists of three co- 
ordinated efforts: Micro Automation, Molecularly Precise Tools, and 
Patterned Atomic Layer Epitaxy.” 

“The Micro Automation effort is a result of the realization that 
affordable molecularly precise manufacturing for many products will 
only be possible with massive parallelism. Parallel micro-assembly 
(being supported in part by our NIST-ATP) will develop both the 
system architecture needed to handle parallel assembly, and the as- 
semblers at the microscale required to deal with the output of large 
throughput molecular assemblers. The parallel micro assembly tech- 
nology we develop will provide huge value to Zyvex by lowering 
assembly costs of the microsystems being produced today by the 
microelectronics, telecommunications, and biomedical industries. 

We undertook the Molecularly Precise Tool Project in order to 
deal with the significant limitations that current scanning probe 
tips and other molecular manipulation tools have placed on science 
and technology. We are convinced that nano and molecular ma- 
nipulation technology will not get out of the research labs until 
molecularly precise tips and other tools are developed. We believe 
that molecular pick and place will not be viable until dependable 
molecularly precise tools are available. 

The Patterned Atomic Layer Epitaxy Project will combine two 
known experimental techniques to produce atomically precise 
nanostructures. In our view, this is the best approach to a molecular 
assembler that can make reasonable progress before molecularly pre- 
cise tools are available. When the Molecularly Precise Tool Project 
produces a superior tip for patterning, this will greatly improve pat- 
terned atomic layer epitaxy and enable its scale-up to large parallel- 
ism. However, such tools will also enable significant progress in 
molecular pick and place technology. Zyvex will constantly be evalu- 
ating the best path to a massively parallel molecular assembler.” 

According to CRN Executive Director Mike Treder,*%*” report- 
ing from the “Imaging and Imagining Nanoscience and Engineer- 
ing Conference” held at the University of South Carolina in March 
2004, Zyvex CEO James von Ehr announced “that his company 
has a ten-year plan to build a molecular assembler, that is, a ma- 
chine system capable of atomically precise manufacturing at the 
nanoscale. Of course, as he admitted, they had an earlier, even more 
ambitious plan that they've had to revise. But he said they learned a 
lot from that experience, and seems confident that this current ef- 
fort has a good chance of success. The new Zyvex approach will 
combine top-down work in nanolithography with bottom-up de- 
signs in scanning probe depositional chemistry.” 


CHAPTER 5 


Issues in Kinematic Machine Replication Engineering 


side from specific instances of kinematic replicators reviewed 

in Chapters 3 and 4, and the classical theory of self-replica- 

ion as outlined briefly in Chapter 2, a number of other is- 
sues arise in the context of the practical design and engineering of 
kinematic self-replicating machines. 

Accordingly, this Chapter reviews various taxonomies of kine- 
matic replicators (Section 5.1), including a presentation of the com- 
prehensive new Freitas-Merkle map of the kinematic replicator de- 
sign space (Section 5.1.9). Chapter 5 then discusses various defini- 
tional issues including replication time and replicator mass (Section 
5.2), the minimum and maximum size of kinematic replicators (Sec- 
tion 5.3), the Efficient Replicator Scaling Conjecture (Section 5.4), 
the Fallacy of the Substrate (Section 5.5), closure theory and clo- 
sure engineering (Section 5.6), massively parallel manufacturing 
(Section 5.7), simulation software (Section 5.8), and a primer on 
the mathematics of self-replicating systems (Section 5.9). The Chap- 
ter finally concludes with brief treatments of two important 
policy-relevant issues: replicators and artificial intelligence (Section 
5.10) and replicators and public safety (Section 5.11). 


5.1 General Taxonomy of Replicators 

The somewhat controversial general theory of “autopoiesis 
— literally “the creation (or production) of self” — and autopoietic 
machines*?>?3>! may be of some theoretical and philosophical in- 
terest.499-457:2352-2370 Foy example, the canonical definition of an 
autopoietic machine was given by Maturana and Varela*”’ who origi- 
nated the neologism in 1971 (though anticipated in 1922 by 
Bogdanov's “tektology”).”°”? They define autopoiesis as a concise 
set of six highly abstract criteria that apply to a given systemic “unity” 
of components (with clarifications kindly provided by Randall 
Whitaker?3*!) as follows: 


1. the unity has identifiable boundaries, via interactions with the 
boundary. Is it discrete? Does it exhibit “extent”? Can you cir- 
cumscribe it? Can you specify where the unity stops and the 
environment begins? 


9455,2350 


2. “..there are constitutive elements of the unity, that is, components 
of the unity.” Can the unity be seen as a set of “parts”? Do these 
“parts” comprise the whole? 


3. “..the unity is a mechanistic system, that is, the components’ prop- 
erties are capable of satisfying certain relations that determine in 
the unity the interactions and transformations of these components.” 
Is the unity capable of acting on itself? 


4. “...the components that constitute the boundaries of the unity con- 
stitute these boundaries through preferential neighborhood rela- 
tions and interactions between themselves, as determined by their 


properties in the space of their interactions.” Are the components 
of the apparent boundary participating in that boundary as a 
result of their interrelationships and interactions? Are the com- 
ponents of the apparent boundary discernible as such because 
of their participation in the processes of the composite unity? 


5. “..the components of the boundaries of the unity are produced by 
the interactions of the components of the unity, either transforma- 
tion of previously produced components, or by transformations and/ 
or coupling of non-component elements that enter the unity through 
its boundaries.” Are the components of the apparent boundary 
produced by the processes comprising the unity itself? Is the 
unity generating the components (of this apparent boundary) 
either from existing components or through accreting elements 
it appropriates from its environment? 


6. “..all the other components of the unity are also produced by the 
interactions of its components as in (5), and ... those which are not 
produced by the interactions of other components participate as nec- 
essary permanent constitutive components in the production of other 
components...” Are all the components of the unity produced by 
its components realizing processes within the unity itself? Do 
all of the unity’s components participate in the production of 
its components? 


A somewhat simplified description of an “autopoietic machine” 
was later given by Maturana and Varela (ref. 2356, p.79) as: “a ma- 
chine organized (defined as a unity) as a network of processes of 
production (transformation and destruction) of components that pro- 
duces the components which: (i) through their interactions and trans- 
formations continuously regenerate and realize the network of pro- 
cesses (relations) that produced them; and (ii) constitute it (the ma- 
chine) as a concrete entity in the space in which they (the compo- 
nents) exist by specifying the topological domain of its realization as 
such a network.” Thus an autopoietic machine (which is 
self-maintaining and self-repairing, but may or may not be capable 
or self-replication, a very specialized ability) is composed of compo- 
nents which engage in a network of interactions that enable the con- 
tinuous regeneration of these same components.”°”? (An “allopoietic” 
machine has as its product something different from itself.) 
Autopoiesis has been applied to communication,'*°>!8°° manage- 
ment,!8>>!857 economics,”>”4 psychology, !®*4 and sociological !®° 01852 
systems, as well as to biological and purely mechanistic systems. 

While interesting, general philosophical discussions of autopoietic 
reproduction?>”>*9’8 and formal mathematical definitions of 
autopoiesis,”°*° self-replication and self-reproduction?**””°*? are 
beyond the limited scope of this engineering-oriented book, as are 
broad discussions of general systems theory as applied to replicating 
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systems.”9-396 More useful to the replicating systems engineer are 
specific conceptual taxonomies that may provide guidance to inves- 
tigations of the replicator design space. Thus we begin our analysis 
by summarizing a selection of replicator and replicator-relevant ar- 
tificial life taxonomies that have been described in the past, includ- 
ing the Dawkins classification of replicators (Section 5.1.1), the 
Miller critical subsystems of living systems (Section 5.1.2), the 
Hasslacher-Tilden MAP survival space (Section 5.1.3), the 
Szathmary classification of replicators (Section 5.1.4), the POE 
model of bio-inspired hardware systems (Section 5.1.5), the Taylor 
categorization of reproducers (Section 5.1.6), the Bohringer taxonomy 
of microassembly (Section 5.1.7), and the Suthakorn-Chirikjian cat- 
egorization of self-replicating robots (Section 5.1.8). The replication 
models of von Neumann and others have already been reviewed at 
length in Chapter 2. It should be emphasized that our review is only 
a selection and not a comprehensive survey of all such efforts, nor is 
our effort a “taxonomy of taxonomies”,**”” and any systematic con- 
sideration of purely computational artificial life entities”4°°74"! or 
cellular automata arrays*®**4” is specifically excluded. 

Our own replicator taxonomy, presented here for the first time 
(Section 5.1.9), constitutes perhaps the first crude but comprehen- 
sive map of the entire kinematic replication design space, subsum- 
ing all known prior work and providing a wealth of new design 
dimensions that may inform and inspire future engineering design 
efforts. Our design space at minimum identifies >10”° theoretical 
distinct kinematic replicator subclasses, confirming our intuitive 
suspicion that the kinematic replicator design space* is truly vast — 
and, as yet, largely unexplored by human engineers. 


5.1.1 Dawkins Classification of Replicators (1976) 

According to a brief summary by Brandon,” biologist Rich- 
ard Dawkins in his classic 1976 work The Selfish Gene’”? defines a 
replicator as “anything in the universe of which copies are made”. 
Dawkins observes that three characteristics affect the quality of 
replicators: fecundity, fidelity, and longevity: “What is of evolu- 
tionary importance is that it produces copies of itself so that it is 
potentially immortal in the form of copies. Of course, everything 
else being equal, the more copies [that] are replicated (fecundity) 
and the more accurately a replicator produces them (fidelity), the 
greater its longevity and evolutionary success.” In addition to these 
three characteristics, Dawkins offers two additional useful design 
dimensions in his classification of replicators. 

First, replicators may be active or passive. An active replicator is 
an entity that influences its probability of being replicated — for 
example, any DNA molecule which, either through protein synthe- 
sis or the regulation of protein synthesis, has some phenotypic ef- 
fect. On the other hand, a passive replicator is one which has no 
influence on its probability of being copied, such as a section of 
DNA that is not transcribed. 

Second, replicators may be germ-line or dead-end, depending 
on whether they are potential ancestors of an indefinitely long line of 
descendant replicators. For instance, the gene in a gamete or germ-line 
cell in a body is a germ-line replicator, whereas most of the genes in 
our bodies are not germ line and can replicate only a finite number of 
times through mitosis, thus are dead-end replicators. Brandon notes 
that “it is the potential, not the fact, of being in an indefinitely long 
ancestry that matters for this classificatory distinction. So a gene in a 
spermatozoon that fails to fertilize is still a germ line replicator.” 
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For living systems, evolution by natural selection is a two-step 
process — (1) the direct replication of structure, and (2) an in- 
teraction with the environment so that replication is differential 
across different entities, traditionally called phenotypes. The 
notion of phenotypes seems adequate for discussions of organis- 
mic selection, but entities other than organisms such as chro- 
mosomes, groups of organisms, or even entire species can inter- 
act with their environment in a way that also makes replication 
differential. Thus Hull?44 suggests the more general term 
“interactor” as “an entity that directly interacts as a cohesive whole 
with its environment in such a way that replication is differen- 
tial.” Dawkins regards organisms necessarily as vehicles that are 
secondary to their replicators (i.e., their “selfish genes”), with 
any change in replicator structure passed on during the process 
of replication. But Brandon™™ notes that “it is easy to imagine 
self repairing replicators where changes in structure would not 
necessarily be passed on in replication,” a potentially useful dis- 
tinction in the case of artificial mechanical replicators as opposed 
to gene-driven biological replicators. Brandon continues: “What 
seems to be important is that replication be direct and accurate. 
Directness and accuracy are terms of degree, and if we allow some 
play in both, under certain circumstances an organism could be 
considered a replicator.” McMullin“” has noted additional 
qualifications to Dawkins’ schema relating to the “units of selec- 
tion” issue. 


5.1.2 Miller Critical Subsystems of Living Systems (1978) 
Seeking to devise a “general theory of living systems,” in 1978 
the late James Grier Miller??*794 set forth a conceptual frame- 
work in which living systems at all size scales are defined as “open 
systems composed of subsystems which process inputs, through- 
puts, and outputs of various forms of matter, energy, and infor- 
mation.“ Miller identified 19 critical subsystems whose processes 
are deemed essential for life and which together comprise a living 
system. Most of the 19 subsystems are found at all hierarchical 
levels of living systems, running through cells, organs, organisms, 
groups, organizations, societies, and even supranational systems. 
However, not all of these subsystems are strictly essential for 
self-replication, so disabling or removing some of them results in 
a system capable of replication only in limited circumstances, which 
is more desirable from a commercial or public safety viewpoint.””! 
(For example, an externally-controlled replicator would not need 
an onboard Decider subsystem.) Space does not permit more than 
a listing and brief description of each of the 19 critical subsystems, 


taken verbatim from Miller’s discussion:73”° 


Subsystems which process both matter-energy and information 


1. Reproducer — the subsystem which is capable of giving rise to 
other systems similar to the one it is in. This process fundamen- 
tally involves transmission of information, the template of the 
new system. The matter-energy which is organized to compose 
the new system, however, must also be processed. The care of 
the next generation of systems until they become independent 
and self-supporting is also a function of this subsystem. In all 
systems the reproducer operates by many complex, reversible 
functions, but the ultimate effect is to bring about an irrevers- 
ible, historical change, the creation of the new systems of a new 
generation. 


* The design space of virtual replicators, particularly cellular automata, appears somewhat more amenable to analysis. Some automated explorations of this design space have 
already begun. For example, Lohn and Reggia*® have used a genetic algorithm to automatically design self-replicating structures in cellular automata models, which “sheds 
light on the process of creating self-replicating structures, which could potentially lead to future studies on the discovery of novel self-replicating molecules and self-replicating 
assemblers in nanotechnology.” Koza*”? has pointed out that the design space of cellular automata may also be enormously vast, with the number of possible distinct 


200,000-cell 29-state automata exceeding 107%, 
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2. Boundary — the subsystem at the perimeter of a system that 
holds together the components which make up the system, pro- 
tects them from environmental stresses, and excludes or per- 
mits entry to various sorts of matter-energy and information. 


Subsystems which process primarily matter-energy 


3. Ingestor — the subsystem which brings matter-energy across 
the system boundary from the environment. 


4. Distributor — the subsystem which carries inputs from out- 
side the system or outputs from its subsystems around the sys- 
tem to each component. 


5. Converter — the subsystem which changes certain inputs to 
the system into forms more useful for the special processes of 
that particular system. 


6. Producer — the subsystem which forms stable associations that 
endure for significant periods among matter-energy inputs to 
the system or outputs from its converter, the materials synthe- 
sized being for growth, damage repair, or replacement of com- 
ponents of the system, or for providing energy for moving or 
constituting the system’s outputs of products or information 
markers to its suprasystem. 


7. Matter-Energy Storage — the subsystem which retains in the 
system, for different periods of time, deposits of various sorts of 
matter-energy. 


8. Extruder — the subsystem which transmits matter-energy out 
of the system in the forms of products or wastes. 


9. Motor — the subsystem which moves the system or parts of it 
in relation to part or all of its environment, or moves compo- 
nents of its environment in relation to each other. 


10. Supporter — the subsystem which maintains the proper spatial 
relationships among components of the system, so that they can 


interact without weighting each other down or crowding each other. 
Subsystems which process primarily information 


11. Input Transducer — the sensory subsystem which brings mark- 
ers bearing information into the system, changing them to other 
matter-energy forms suitable for transmission within it. 


12. Internal Transducer — the sensory subsystem which receives, 
from subsystems or components within the system, markers bear- 


ing information about significant alterations in those subsystems 
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or components, changing them to other matter-energy forms of 
a sort which can be transmitted within it. 


13. Channel and Net — the subsystem composed ofa single route in 
physical space, or multiple interconnected routes, by which mark- 


ers bearing information are transmitted to all parts of the system. 


14. Decoder — the subsystem which alters the code of information 
input to it through the input transducer or internal transducer 


into a “private“ code that can be used internally by the system. 


15. Associator — the subsystem which carries out the first stage of 
the learning process, forming enduring associations among items 


of information in the system. 


16. Memory — the subsystem which carries out the second stage 
of the learning process, storing various sorts of information in 


the system for different periods of time. 


17. Decider — the executive subsystem which receives informa- 
tion inputs from all other subsystems and transmits to them 


information outputs that control the entire system. 


18. Encoder — the subsystem which alters the code of information 

input to it from other information processing subsystems, from a 
oe ; ; «Lye 
private“ code used internally by the system into a “public code 


which can be interpreted by other systems in its environment. 


19. Output Transducer — the subsystem which puts out markers 
bearing information from the system, changing markers within 
the system into other matter-energy forms which can be trans- 


mitted over channels in the system’s environment. 


5.1.3 Hasslacher-Tilden MAP Survival Space (1994-1995) 

Brosl Hasslacher and Mark W. Tilden at Los Alamos National 
Laboratory have devised'®° a robotics design space for the creation 
of machines whose functions are intended to “guarantee an autono- 
mous machine’s survival,” based on the following set of “biomorphic 
survival laws”: 


1. a machine must protect its existence; 
2. a machine must acquire more energy than it exerts; and 
3. a machine must exhibit (directed) motion. 


These requirements define the Mobility, Acquisition, and Pro- 
tection (MAP) survival space for autonomous biomorphic designs 
shown in Figure 5.1. The authors claim that full autonomous 


M- 

Mo 
M1 
M2 
M3 
M4 


Motion occurs only under application of an external force 

No motion abilities. 

Moves deliberately in one dimension. 

Moves deliberately in 2 dimensions. 

Moves deliberately in 3 dimensions. 

Capable of dual-mode motion with tools, vehicles, or application 
specific design elements 


Operates from a non-replenishable energy source (battery, power line). 
Zero energy consumption or delivery 

Can directly extraclapply external energy when available 

Can efficiently extract/store/utilize extemal energy. 

Uses focused tactics to efficiently extract, store, and utilize 

external energy 

Uses planned tactics to efficiently extract/store/utilize external 

energy. 


Negative defensive abilities (physically more fragile than environment). 
zero defensive abilities (structural strength equivalent to environment) 
flight and/or hide behavior against hostile stimulus. 

Fight or flight behavior against hostile stimulus 

Tactical fight/flight behavior against hostile stimulus 

Tool, vehicle, or material use in fight/flight tactics. 


Figure 5.1. The complete MAP survival space. (courtesy of Hasslacher and Tilden 
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operation of artificial “biomorphs” requires sensation, cognition, 
locomotion, and manipulation, though it is possible for machines 
to survive on locomotion alone. Clearly several additional capabili- 
ties would be required for these machines to exhibit self-replication 
as well as mere survival (durability), but the authors do not discuss 
this possibility. 

Hasslacher and Tilden evidently believe that machine replica- 
tion is both difficult and undesirable, and thus recommend instead 
building robots that are extremely durable: “Machines cannot be 
made to reproduce themselves easily, nor would we want them to. 
At small scales, with carbon-based materials platforms, self-repro- 
duction could be quite dangerous. Therefore if machines are to sur- 
vive acceptably then we must extend their lifetime to many years in 
full operation. This means an autonomous machine must extract 
power from its environment and since that power may be either 
weak or scarce, it must be able to operate by storage of and access to 
power on demand. In normal scale environments this implies solar 
powered machines.” 

In the case of micron-scale machines fabricated using 
silicon-based lithography: “At this scale self-assembling colonies of 
biomorphic machines are not only practical, but desirable. Colo- 
nies should both self-organize physically and develop collective or 
emergent behavior....A colony of diverse biomorphic tiles could cre- 
ate a space of finite elements that organize into larger collective 
creatures with a potential for tile-cluster ‘reproduction’. That is, there 
may be tile structures that make copies of themselves from the sus- 
pended tile matrix they ‘live’ in, ...[which] would lead to observed 
machine reproduction in a safe, linear regime, rather than danger- 
ous exponential growth.” However, no details are given as to how 
the individual micron-scale machines or “biomorphic tiles” might 
assist in the fabrication of additional similar such machines. 


Some research on biologically-inspired microscale robots has 
begun, 24062410 


5.1.4 Szathmary Classification of Replicators (1995-2000) 

Starting in 1995 originally in collaboration with John Maynard 
Smith,”4? and continuing through a succession of refinements over 
several years,”4!!-417 Eors Szathmary has created an interesting clas- 
sification of replicators which identifies five distinct bi-valued prop- 
erties of replicators, as follows: 


Potential: Limited Heredity or Unlimited Heredity 
Mode: Holistic or Modular 

Level: Phenotypic or Genotypic 

Set: Solitary or Ensemble 


Maintenance: Aftractor-based or Storage-based 


1. Potential. Like Dawkins,?”> Szathmary?4!5 in 1995 originally 
distinguished replicators having limited heredity and potentially 
unlimited heredity. Replicators with potentially unlimited he- 
redity can have many more types than the number of objects in 
any realistic system, whereas replicators with limited heredity 
have fewer or only about the same number of types than the 
number of objects in realistic systems — that is, they “exist only 
in a few alternate types,” or, possibly, only in a single type. “Sys- 
tems with limited heredity have only a limited evolutionary 
potential because the number of available types is too low.”*4!7 
Pattee*4!8 also recognized the importance of “hereditary pro- 
cess” in reproduction. 


. Maintenance. Also in 2000, Szathmary 
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2. Mode. Szathmary”4!> also originally distinguished replicators ac- 


cording to their mode of synthesis, of which there are two types. 
In the first mode of synthesis, originally termed processive*4¥5 and 
later Aolistic,24"2417 the information carried is of an analog char- 
acter and the process passes through a continuum of closely-related 
states, most nearly resembling an autocatalytic chemical reaction 
or a cyclically processive reaction like the citric acid cycle, or the 
“replication” demonstrated by spreading fire or even by a series of 
falling dominoes. “Chemical cycles, such as the formose reac- 
tion,?4!9 are holistic replicators since replication is not based on 
the successive addition of modules.”?4!7 In the second mode of 
synthesis, termed modular,24'2,2415-2417 the information carried is 
of a digital* character”42° and the process passes through a series 
of discrete states, as exemplified by the complementary-shape in- 
teractions observed in DNA. For example, oligonucleotides are 
copied by the template effect of a sequence composed of digits 
(modules) belonging to a restricted alphabet.?4!” A large number 


of artificial oligonucleotide modular replicators are now 
known, 1361-1367,1373 


. Level. In 1999, Szathmary?4!6 revised his classification of 


replicators to include a new functional dimension based on the 
level at which replication takes place — either phenotypic or 
genotypic. In phenotypic replicators, the phenotype (physical 
structure) of the replicator is transmitted without genotype 
(structure description) copying. Replication occurs without 
needing an onboard instruction tape (the genotype) to be cop- 
ied along with the physical structure of the replicator. “Pheno- 
typic replicators do not pass on their genotypes, only some as- 
pects of the phenotype are transmitted. Phenotypic replicators 
with limited heredity include genetic membranes,*4?2 
prions?423-2425 and simple memetic systems.”24!7 Cortical in- 
heritance in ciliates?4*° is another phenotypic inheritance sys- 
tem “whereby the orientation of kinetids (basal body plus asso- 
ciated cortical and fibrillar structures) is passed on from cell 
generation to generation.”24!6 Still another example of a phe- 
notypic replicator, having unlimited heredity, would be Laing’s 
example (Section 2.3.5) of machine replication by inspection. By 
contrast, in genotypic replicators, phenotype duplication requires 
duplicating the genotype along with the replicator structure. 


. Set. In 2000, Szathmary4!7 further distinguished replicators 


according to the set of entities capable of replication. In solitary 
replication, each member of a set of entities is individually ca- 
pable of replication. In ensemble replication, no individual en- 
tity is individually capable of replication and only the set as a 
whole can replicate. “Replicator networks consisting of cata- 
lytic molecules (such as reflexively autocatalytic sets of pro- 
teins, 16261662,2396-2398 or self-reproducing lipid vesicles”427.2478) 
are hypothetical ensemble replicators. Ensemble replicators suf- 
fer from the paradox of specificity: while their abstract feasibil- 
ity seems to require a high number of molecular types, the harm- 
ful effect of side reactions calls for a small system size.”24!7 


2417 added the concept 


of attractor-based heredity to his replicator classification scheme, 
in which goal maintenance of the replicating systems is achieved 
either by stochastic gravitation toward an “attractor” in the dy- 
namic control space, or more directly by “storage” based con- 
trol information. For example, the membrane vesicle can be 


* In 2002, Ellington and Levy”! proposed a similar replicator nomenclature in which nucleic acid and peptide replicators are considered either “digital” (“composed of discrete 
units...that can alternate between stable states, [and] can be combined into an informational code”) or “continuous” (“capable of giving rise to a variety of products”). 
Note the authors: “The structural complementarity of discrete replicators is of necessity greater than that of other replicators. However, increased complementarity leads to 
product inhibition. These facts imply a fundamental conundrum: the less discrete a replicator is, the less information it can transfer; the more discrete a replicator is, the more 


its evolution is limited by parabolic growth.” 
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considered a molecular replicator! and this system is 
attractor-based”4?9 “since it is the dynamical nature of the net- 
work of reactions that makes replication possible, and the iden- 
tity of the network is preserved by its dynamical stability (the 
system's basin of attraction)”.?4!7 Attractor-based systems can 
have limited heredity only.* 7417 In contrast, information car- 
tied by gene-like replicators is storage-based:?*° “to a good ap- 
proximation all possible gene sequences are equally stable and 
transmissible, using the same copying mechanism”.?4!7 
Storage-based systems (e.g., contemporary DNA-based organ- 
isms) can have unlimited hereditary potential.”4!7 Szathmary”4!” 
also notes that “the typical path of evolution goes from limited 
to unlimited heredity, and from attractor-based [and holistic] 
to modular (digital) replicators.” 


5.1.5 Sipper POE Model of Bio-Inspired Hardware Systems 
(1997) 

Moshe Sipper and colleagues have devised a 
simple classification scheme for artificial life (ALife) systems that 
may be useful for some classes of artificial replicators as well. In 
the authors’ words: “Living organisms are complex systems ex- 
hibiting a range of desirable characteristics, such as evolution, 
adaptation, and fault tolerance, that have proved difficult to re- 
alize using traditional engineering methodologies. Recently, en- 
gineers have been allured by certain natural processes, giving 
birth to such domains as artificial neural networks and evolu- 
tionary computation. If one considers life on Earth since its very 
beginning, then the following three levels of organization can 
be distinguished.” 


384,535,2430-2434 


1. Phylogeny. “The first level concerns the temporal evolution of 
the genetic program, the hallmark of which is the evolution of 
species, or phylogeny. The multiplication of living organisms is 
based upon the reproduction of the program, subject to an ex- 
tremely low error rate at the individual level, so as to ensure that 
the identity of the offspring remains practically unchanged. 
Mutation (asexual reproduction) or mutation along with recom- 
bination (sexual reproduction) give rise to the emergence of new 
organisms. The phylogenetic mechanisms are fundamentally 
non-deterministic, with the mutation and recombination rate 
providing a major source of diversity. This diversity is indis- 
pensable for the survival of living species, for their continuous 
adaptation to a changing environment, and for the appearance 
of new species.” 


2. Ontogeny. “Upon the appearance of multicellular organisms, a 
second level of biological organization manifests itself. The suc- 
cessive divisions of the mother cell, the zygote, with each newly 
formed cell possessing a copy of the original genome, is fol- 
lowed by a specialization of the daughter cells in accordance 
with their surroundings, i.e., their position within the ensemble. 
This latter phase is known as cellular differentiation. Ontogeny 
is thus the developmental process of a multicellular organism. 
This process is essentially deterministic: an error in a single base 
within the genome can provoke an ontogenetic sequence which 
results in notable, possibly lethal, malformations.” 


3. Epigenesis. “The ontogenetic program is limited in the 
amount of information that can be stored, thereby rendering 
the complete specification of the organism impossible. A 
well-known example is that of the human brain with some 
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10!° neurons and 10!4 connections, far too large a number to 
be completely specified in the four-character genome of length 
approximately 3 x 10°. Therefore, upon reaching a certain level 
of complexity, there must emerge a different process that per- 
mits the individual to integrate the vast quantity of interac- 
tions with the outside world. This process is known as epigen- 
esis, and primarily includes the nervous system, the immune 
system, and the endocrine system. These systems are charac- 
terized by the possession of a basic structure that is entirely 
defined by the genome (the innate part), which is then sub- 
jected to modification through lifetime interactions of the in- 
dividual with the environment (the acquired part). The epige- 
netic processes can be loosely grouped under the heading of 
learning systems.” 


By analogy to nature, the design space of bio-inspired hardware 
systems can be partitioned along the three axes of phylogeny, on- 
togeny, and epigenesis (the POE model;”3°4” Figure 5.2) with 
the axes defined as follows: the phylogenetic axis involves evolu- 
tion; the ontogenetic axis involves the development of a single indi- 
vidual from its own genetic material, essentially without environ- 
mental interactions; and the epigenetic axis involves learning through 
environmental interactions that take place after formation of the 
individual. 

For example,”4%9 hardware implementations of the following 
three paradigms can be positioned along the POE axes as follows: 
(1) evolutionary algorithms are the simplified artificial counter- 
part of phylogeny (“P” axis”) in nature; (2) multicellular automata 
are based on the concept of ontogeny (“O” axis), where a single 
mother cell gives rise, through multiple divisions, to a multicellu- 
lar organism; and (3) artificial neural networks embody the epige- 
netic process (“E” axis), where the system’s synaptic weights and 
perhaps topological structure change through interactions with 
the environment. 


Phylogeny (P) 


7 wi PO hardware 


PE hardware (ir = Br POE hardware 


Ontegeny (O) 


a 
(___ £7 OF hardware 


Epigenesis (E) 


Figure 5.2. The POE taxonomy of bio-inspired systems.”“3 Com- 
bining POE axes in order to create novel bio-inspired systems: The 
PO plane involves evolving hardware that exhibits ontogenetic char- 
acteristics, such as growth, replication, and regeneration. The PE 
plane includes, e.g., evolutionary artificial neural networks. The OE 
plane combines ontogenetic mechanisms (self-replication, self-re- 
pair) with epigenetic (e.g., neural network) learning. The POE space 
comprises systems that exhibit characteristics pertaining to all three 
axes, such as an artificial neural network (epigenetic axis), imple- 
mented on a self-replicating multicellular automaton (ontogenetic 
axis), whose genome is subject to evolution (phylogenetic axis). (cour- 
tesy of Moshe Sipper) 


* C. Phoenix’” observes that the set of attractors stabilizes the system but is also defined by the system. There is no requirement that offspring have the same 
attractor-configuration as their parents. If offspring can explore an attractor-space capable of containing several attractor-configurations, then heredity could be unlimited. 
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Figure 5.3. Taylor’s “Categori- 
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5.1.6 Taylor Categorization of Reproducers (1999) 
In his 1999 Ph.D. thesis on artificial life, Tim Taylor“ focuses 
on three important dimensions defining the replication design space: 


1. Explicit-Implicit Coding scale — the degree to which the algo- 
rithm for reproduction (the way in which the process is specified 
and controlled) is explicitly encoded on the configuration being 
reproduced, rather than being implicit in the physical laws of the 
world. This distinction defines a continuum of possibilities. 


2. Auto-Assisted Reproduction scale — whether reproduction 
happens purely by the action of the physical laws of the world 
on the configuration to be reproduced (auto-reproduction), or 
whether it also requires auxiliary physical (or logical) machin- 
ery (assisted-reproduction). Taylor suggests that this distinction 
defines only a dichotomy, but allowing varying degrees of “as- 
sistance” would produce a continuum along this design dimen- 
sion as well. 


3. Limited-Indefinite Hereditary scale — the number of differ- 
ent configurations that exist, connected by mutational path- 
ways, that are capable of reproducing their specific form — that 
is, the distinction between Limited hereditary reproducers and 
indefinite hereditary reproducers, a distinction also cited by 
Dawkins (Section 5.1.1) and Szathmary (Section 5.1.3). This 
factor could be expressed as the proportion of all possible muta- 
tions the reproducer may experience that will result in the pro- 
duction of distinct, yet viable, reproducers. This distinction also 
defines a continuum of possibilities, and indeed this axis may 
be infinitely long. 


Taylor notes that these three scales seem “generally independent 
of each other” — i.e., they are mutually orthogonal dimensions in 
the design space — although he admits “the more explicitly en- 
coded the reproduction algorithm is, the less likely, in general, it is 
to be an indefinite hereditary reproducer because of the increased 
chance of mutations disrupting the copying process.” Figure 5.3 
shows Taylor’s qualitative categorization of some well-known repli- 
cating systems. 

Taylor*4 notes that in his schema, Tierran organisms (Section 
2.2.1) and von Neumann's self-reproducing cellular automata (Sec- 
tion 2.1.3) “are placed midway along the limited-indefinite heredi- 
tary scale because, although both representations are capable of sup- 
porting universal computation in principle, only mutations which 
retain the ability to reproduce will be viable. In particular, in von 
Neumann’s architecture a mutation which affects a section of the 
tape which encodes the constructing automaton, the copying 


zation of Reproducers”.“*4 


(courtesy of Tim Taylor) 
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automaton or the control automaton will generally disrupt the abil- 
ity of the combined automaton to produce viable offspring. Like- 
wise, in Tierra a mutation which affects a section of the program 
which encodes the self-reproduction algorithm will generally dis- 
rupt the ability of the program to reproduce.” 

Taylor classifies DNA reproduction as assisted, because DNA 
can replicate “only with the aid of a host of enzymes to control the 
unwinding of the double helical structure, the polymerization of 
the individual bases of the new molecule, etc. At the same time, 
DNA is, in the presence of suitable enzymes, capable of indefinite 
heredity assisted-reproduction; the enzymes are able to copy any 
DNA double helix, no matter what sequence of bases it comprises. 
Within this context, the copying process is implicitly encoded in 
the DNA’s environment (in the enzymes which support the repro- 
duction process, and in the physical laws governing the inherent 
bonding affinities of the bases) rather than being explicitly encoded 
upon individual strands on DNA. In contrast, a cell as a whole can 
be considered an auto-reproducer, as it can completely direct its 
own reproduction (in the presence of sufficient energy and raw 
materials from the environment), but its hereditary potential is 
slightly more restricted than DNA assisted-reproduction, because 
some mutations may disrupt the ability of the cell to reproduce. 
Similarly, each of Barricelli’s symbioorganisms (Section 2.2.1) can 
be considered, collectively, as an auto-reproducer, although indi- 
vidual digits within the symbioorganism are assisted-reproducers. 
The same analysis can be applied to collectively-autocatalytic reac- 
tion networks (e.g., Kauffman?) .” 

The hypothetical ‘proto-DNA’ (i.e., a desirable seed for 
open-ended evolution) is placed in the auto-implicit-indefinite he- 
reditary corner of the space because “the seed should be auto-repro- 
ducing (i.e., not rely upon auxiliary machinery) if it is to have a rea- 
sonable chance of spontaneously emerging, and it should be an in- 
definite hereditary reproducer to support an ongoing, open-ended 
evolutionary process. The requirement that it be an indefinite he- 
reditary reproducer is most easily fulfilled if it reproduces implicitly.” 


5.1.7 Bohringer et al Taxonomy of Microassembly (1999) 
Bohringer, Fearing, and Goldberg? presented in 1999 a pre- 
liminary summary of techniques then in use for microscale assembly: 


1. Serial Microassembly — parts are put together one by one 
according to the traditional pick-and-place paradigm, includ- 
ing the following techniques: 

A. Manual assembly with tweezers and microscopes. 
B. Visually based and teleoperated microassembly.2241,2436.2437 
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C. High-precision macroscopic robots: stepping motors and in- 
ertial drives are used for submicron motion resolution?38-2440 
or MRSI assembly robots?44! for surface-mount electronics 
components of submillimeter size. 


D. Microgrippers with gripper sizes of 100 microns or 
less.2442-2445 


2. Deterministic Parallel Microassembly — multiple parts of 
identical or different design are assembled simultaneously, 
wherein the relationship between a part and its destination is 
known in advance, including the following techniques: 

A. Flip-chip wafer-to-wafer transfer: a wafer with partially re- 
leased components is carefully aligned and pressed against 
another substrate. When the wafers are separated again, the 
components remain bonded to the second substrate. !!522449 

B. Microgripper arrays capable of massively parallel 
pick-and-place operations.?444 


3. Stochastic Parallel Microassembly — multiple parts of iden- 
tical or different design are assembled simultaneously, wherein 
the relationship between the part and its destination is unknown 
or random. The parts “self-assemble” during stochastic processes, 
in analogy to annealing, using the following effects as motive 
forces: 

A. Fluidic agitation and mating part shapes. 
B. Vibratory agitation and electrostatic force fields.1338-1341 
C. Vibratory agitation and mating part shapes.!>>? 

D. Mating patterns of self-assembling monolayers.*4°° 


1326,2450 


5.1.8 Suthakorn-Chirikjian Categorization 
of Self-Replicating Robots (2002-2003) 

Gregory Chirikjian and Jackrit Suthakorn, a graduate student 
in Chirikjian’s group at Johns Hopkins University, have pursued 
an active research program on macroscale kinematic self-replicating 
systems (Section 3.23). The group settled on a simple, pragmatic 
operational definition!?®*!?*° of self-replication as “the process of 
assembling a functional robot from passive components — the 
robot that is assembled (the replica) is an exact copy of the robot 
doing the assembling.” Suthakorn’s categorization of self-replicat- 
ing robots (Figure 5.4) makes a primary distinction according to 
their behavior: Directly Replicating (a robot capable of produc- 
ing an exact replica of itself in one generation) and Indirectly 
Replicating (a robot capable of producing one or more interme- 
diate robots that are in turn capable of producing replicas of the 
original) 1284-1287 
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Directly Replicating robots are classified into four subgroups de- 
pending on the characteristics of their self-replication processes. These 


four subgroups are described by Suthakorn!?84!?*7 as follows: 


1. Fixture-Based Replication. Robots in this group depend on 
external fixtures (ranging from simple hooks to complex struc- 
tures for restraining delicate parts during assembly) to complete 
the self-replication process (Figures 3.72 and 3.74). Some sub- 
systems may require high precision positioning for assembling 
parts. Passive fixtures can assist in this because of the shape con- 
straints that they impose, and push-pull fixtures are helpful as 
well. Fixtures serve as a substrate or catalyst to assist in the 
self-replication process, but are themselves not actuated. 


2. Operating-Subsystem-in-Process Replication. In this group, one 
or several subsystems of the replica can operate before the replica 
itself is fully assembled. These subsystems can then assist the origi- 
nal robot during its assembly of its replica (Figure 3.75). This 
assistance can come in many forms — for instance, with func- 
tioning subsystems helping to align, manipulate, or transport parts. 


3. Single-Robot-without-Fixture Replication. In this group, a 
single robot finishes the self-replication process and depends 
only on the available environment (Figure 3.73). The complex- 
ity of the subsystems or the number of subsystems in the replica 
is usually very low for this experimental group because without 
fixtures or multiple cooperating robots, it is more difficult to 
position large numbers of subsystems with the requisite high 
precision to achieve successful replication. (This does not chal- 
lenge the idea of a self-contained molecular assembler because a 
robot can have fixtures integral to it, and because if the sub- 
systems are of sufficiently low complexity (i.e., atoms) the ro- 
bot can incorporate large numbers of them.) 


4, Multi-Robot-without-Fixture Replication. In this group, mul- 
tiple robots work together in the self-replication process with- 
out the assistance of fixtures. A major advantage is the reduc- 
tion of the time required for self replication because different 
stages can be completed in parallel. A disadvantage is that there 
may be interference problems among robots, requiring robots 
to possess a greater awareness of their surroundings. Another 
disadvantage is that multiple robots require multiple replicas to 


be produced. 


Indirectly Replicating robots have as their primary characteristic 
that the original robot or group of robots must work together to 
build a robot-producing factory or some type of intermediate robot 


Figure 5.4. Block diagram of 
the Suthakorn-Chirikjian cat- 
egorization of self-replicating 
robots. !7841287 (courtesy of 
Chirikjian group, JHU) 
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or robots, which are subsequently able to produce replicas of the 
original robots or assist the original robot in replicating. In this 
category the original robots lack the ability to directly assemble copies 
of themselves. Indirectly Replicating robots may be classified into 
two subgroups, described by Suthakorn!?°"!?°’ as follows: 


1. Intermediate Robot Replication. In this group, the original ro- 
bot works alone or with other robots, with or without passive 
fixtures, to fabricate an intermediate robot or robots. The inter- 
mediates have the ability to fabricate, or assist in fabricating, rep- 
licas of the original robot that the original robot does not possess. 


2. Self-Replicating Factory. Here the original robot works indepen- 
dently or in a group to construct a factory consisting of automated 
workcells that can then manufacture replicas of the original robot. 
This differs from intermediate robots and passive fixtures be- 
cause workcells are fixed automation 
elements that can be fully actuated. 


5.1.9 Freitas-Merkle Map of the 
Kinematic Replicator Design 
Space (2003-2004) 

Taking the broadest possible view, a 
manufacturing system is a physical sys- 
tem that can make other physical sys- 
tems. Manufacturing systems potentially 
can only make either (or both) of two 
kinds of things: (1) self (another manu- 
facturing system), or (2) non-self prod- 
ucts. A kinematic replicator is an example 
of a manufacturing system. More specifi- 
cally, a kinematic replicator is a manu- 
facturing system that can make an archi- 
tecturally identical copy of itself. This 
logically defines three broad classes of 
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chinery, and may also characterize B9, Replicator Description Alphabet 
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Substrate Naturalicity 
3, Substrate Technology Level 
“4. Substrate Physical Dimensionality 
5. Replication Substrate Phase 
Replication Substrate Temperature 
Substrate Sufficiency 
Environmental Fixture Requirement 
Feedstock Import through Boundary 
C10. Entropy of Substrate 
C11. Self-Replicability 
C12, Fixture Acquisition 


positional assembly processes (Chap- 
ter 4), as well as future highly spe- 
cialized nanomanufacturing systems. 


2. Nonproductive Replicators — 
manufacturing systems that can only 


Replication 


Replication 
Substrate 


Evolvability 
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of themselves and can also make non-self products. These are the 
factory systems of the future. As Bradley (Section 3.12) has al- 
ready noted, the process of replication in most cases will use only 
“a vanishingly small fraction of total capabilities” of a replicator 
— that is, most of the practical operational space of a replicator is 
likely to be the ability to manufacture non-self products. 


The ability of productive replicators to make both self and non-self 
products — one basic measure of replicator performance — consti- 
tutes but a single dimension (i.e., J6 on our map) within an enor- 
mously vast multidimensional replicator engineering design space. The 
distinction between individual and factory replicators is another di- 
mension (14) in the space. We have identified 137 practical multivalued 
replicator design properties which may be grouped into 12 primary 
design dimensions in four principal categories (Figure 5.5): 


Replication 


Control Information 


Replicator 
Structure 


Passive 
Parts 


Active 
Subunits 


Replicator 
Energetics 


Replicator 
Replication Kinematics 


Process 


I. REPLICATION PROCESS 
Replicative Influence 


=. PASSIVE PARTS 
1. Passive Constituent Parts Count i 
2. Passive Constituents Parts Scale 12. Replicator Activity/Passivity 
3. Passive Constituent Parts Types 13. Replicator Parasiticity 
4, Number of Vitamin Parts 14. Replication Process Centralization 
5. Replicator Nutritional Complexity 15. Replication Process Specialization 
6. Required Parts Preparation 16. Replication Process Timing 
7. Passive Parts Complexity 17. Replication Goal Specialization 
$. Parts Precision 18. Replication Process Subunit Assistance 
9. Multiple Utility of Passive Parts 19. Replicator Parentage 
10. Parts Presentation 110. Replication Process Intermediaries 
11. Mode of Dimensional Specification 111, Replication Auxeticity 
112. Self-Formation Modality 
CTIVE SUBUNITS 113. Replication Process Parallelicity 
Multicellularity ia 2 
Active Subunits Scale HS. 
Active Subunits Types 116. 
Active Subunits Complexity 17, 
5. Subunit Fate 18. 
Subunit Targeting 119. 
Multiple Uutity of Active Subunits 120, 
Subunits Presentation 121 
Process Functionality of Active Subunits 122. Process Security 
Timing of Subunit Activation 123. Tamper Resistance 
124. Reliability of Manufacturing Operations 
G. REPLICATOR ENERGETICS 125. Error Correction Mechanisms 
GIL. Process Energy Autonomy 126. Offspring Separability 
G2. Process En Redundancy 
G3. Process Energy Centralization kK. PRODUCT STRUCTURE 
G4. Number of Onboard Process Energy Types K1. Product Physicality 
G5. Process Energy Types K2. Product Naturalicity 
G6. Process Energy Storage K3, Product Technology Level 
G7. Process En Efficiency K4. Product Physical Dimensionality 
G8. Replicative zy Commitment K5. Product Scale 
K6, Product Mass 
H. REPLICATOR KINEMATICS K7. Product Structural Fixity 
HI. Process Manipulation Autonomy K8_ Product Particity 
H2. Process Manipulation Redundancy K9_ Product Structural Error Rate 
H3. Process Manipulator Centralization 
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Replicator Parts Synthesis 

Distinct Onboard Transformative Processes 
Ingestor Modality 

Assembly Process Style 

Network Connectivity 

Audit Trails 

Process Accounting 


make copies of themselves. These 
purely parasitic systems are inherently 
useless from a societal or commercial 
standpoint, and should in most cases 
prove brittle when the environment 
(in which replication must occur) 
changes. Viruses are an example of 
nonproductive replicators in biology. 


3. Productive Replicators — manufac- 
turing systems that can make copies 


D. REPLICATOR STRUCTURE 
D1, Replicator Physicality 

D2. Replicator Naturalicity 

D3. Replicator Technology Level 

D4. Replicator Physical Dimensionality 
D5, Replicator Scale 

D6, Replicator Mass 

D7. Replicator Boundary 

D8. Product Export through Boundary 
D9. Replicator Structural Fixity 

D10. Replicator Particity 

DI1. Process Materials Storage 

D12. Replicator Computer 

D13. Replicator Continguity 


H4. Number of Manipulator Types 

HS. Replicator Manipulation Degrees of 
Freedom 

H6, Assembly Mechanism Style 

H7. Positional Accuracy 


J. REPLICATOR PERFORMANCE 

Replication Time 
Replicator Longevity 
Replicator Expiration Date 
Generational and Gestational Fecundity 

5. Generational Longevity 
Nonreplicator Product Types 
Qualitative/Quantitative Closure 

8. Emission of Waste Products 


. EVOLVABILITY 
Gendericity 
Offspring Fertility 
Number of Fertile Mutant Configurations 
Replication Fidelity 
Genomic Redundancy 
Environmental Partitioning 
Complexification 
Heterochrony 
Programmability and Leaming 
0. Mode of Genomic Heritability 
11. Multilevel Genomic Heritability 


2. Interreplicator Information Transfer 


et ee ee 


Figure 5.5. The multidimensional Freitas-Merkle kinematic replicator design space. 
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Inputs: (A) Replication Control, (B) Replication Informa- 

tion, (C) Replication Substrate 

Structure: (D) Replicator Structure, (E) Passive Parts, (F) Ac- 
tive Subunits 

Function: (G) Replicator Energetics, (H) Replicator Kinemat- 
ics, (I) Replication Process 

Outputs: (J) Replicator Performance, (K) Product Structure, 
(L) Evolvability 


While many of these dimensions are independent, some are quite 
strongly interdependent and other dimensions identify characteris- 
tics of replicators which are useful but might not be necessary in all 
designs. Nevertheless, each item captures an important and distinct 
aspect of replicator design and performance. 

The basic replication model followed here is that of a physical 
replicator device that uses external resources (called the “substrate” 
or “environment”, which may provide energy inputs and raw mate- 
rials feedstock) to make a daughter device, and possibly also to make 
non-replicator products. Each of the practical design properties 
(which may be interdependent or mutually exclusive) that define 
our 137-dimensional replicator design space are briefly identified 
below. Our design space at minimum identifies >10”° theoretical 
distinct replicator subclasses. Clearly the design space for kinematic 
replicators, as detailed below, is truly vast and has only been lightly 
explored via systematic engineering efforts to date. 


A. Replication Control 


Al. Replication Control Autonomy. Teleoperation corresponds 
to the well-known “broadcast architecture”?°*?!" (Sections 2.3.6 
and 4.11.3.3) — a generic term for a replicating system where the 
replicating units do not carry blueprints (i.e., no DNA, no assem- 
bly instructions, etc). Instead, instructions are broadcast to all rep- 
licating units which then carry out the broadcast instructions. Liv- 
ing systems, because they carry their own blueprints in every cell, 
are not using a broadcast architecture. However, within the biologi- 
cal cell, the ribosome is the principal protein manufacturing system 
— and proteins receive their operating instructions as chemical 
broadcast signals (mRNA messenger molecules) emitted from a cen- 
tral location, the cell nucleus. Block the mRNA chemical broadcast 
from reaching the ribosomes, and cellular protein production stops 
and the cell ceases replicating. The literature gives many examples 
of such anti-mRNA molecules being prepared experimentally for 
just this purpose — for example, one paper”! reports using a par- 
ticular anti-mRNA to attack a single type of mRNA molecule, in- 
hibiting synthesis of one particular protein by 98%. The “inherent 
safety” (Section 5.11) of the broadcast architecture (or the vitamin 
architecture) derives from the fact that the replicator can be physi- 
cally separated from some vital resource (e.g., information or vita- 
min parts), and vot from the fact that the system is, or is not, 
“biological”. 


Unoperated (no intelligent control) 


Teleoperation (full offboard control) 


Semi-Autonomous (discrete instruction block transmitted from 
offboard source, then executed onboard before next block 
is received) 


Autonomous (full onboard control) 


A2. Replication Control Redundancy. In the case where there 
is more than one source of control of a replicator, can any one source 
exert exclusive and complete control, or must the various sources of 
control either cooperate to control the whole or alternatively con- 
trol only some subset of replicator activities? 
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Any source of control can, by itself, control whole 


Only a few sources of control, each by itself, can control whole 


No source of control, acting by itself, can control whole (some/ 
all sources must cooperate to achieve control of whole) 


A3. Replication Control Centralization. Muscle cells with mul- 
tiple nuclei are an example of replicators having multiple sources of 
control. Local control systems are more lifelike, scalable, robust and 
adaptable than single-source or centralized control systems.**! To 
enhance the prospects for “inherently safe” systems (Section 5.11), 
single-source or centralized control systems are probably preferred 
for artificial replicators. This dimension is concerned with the num- 
ber of control sources a replicator possesses, as distinguished from 
Al which is concerned with the location of those sources of control 


(onboard or offboard). 


No source of active control 


Single source of active control (highly centralized control) 


Multiple sources of active control 


Many/all subunits exert active control (highly decentralized 
control) 


A4. Replication Control Abstractivity. How concrete, or ab- 
stract, are the instructions provided to the replicator that cause it to 
perform kinematic actions leading to replication or other manufac- 
turing? In general, replicator safety should be enhanced by using 
less-abstract control instructions. 


Control instructions specify all incremental kinematic actions 
performed by the replicator 


Control instructions specify subroutines consisting of short 
series of predefined kinematic actions 


Control instructions specify only high-level actions, eliciting 
conditional activation of one or more sets of predefined sub- 
routines of predefined kinematic actions 


No control instructions are provided (also includes cases where 
Brownian motion and/or self-assembly perform some low-level 
operations) 


A5. Replication Control Source. To what degree is human con- 
trol a part of the replicative process, as opposed to automatic (com- 
puter) control? Asks Evan Malone:!1!°° “Hybrid systems consisting 
of machines and humans together are already self-replicating: tech- 
nological civilizations are self-replicating, and are, in some sense, 
engineered. Would a factory in which humans performed opera- 
tions which are commanded by an AI be more or less self-replicat- 
ing than a factory in which humans command operations performed 
by robots?” 


Automated (replication is fully automatic, entirely controlled 
by computer, no human in the loop) 


Semiautomated (replication is partially automatic, with com- 
puter providing instruction sequences and humans providing 
only supervisory control) 


Computer-Assisted (replication directly controlled by humans 
who trigger brief sequences of predefined actions) 


Manual Operation (replication processes directly human-op- 
erated; humans exercise step-by-step control) 


A6. Replication Control Complexity. This is intended to be a 
specific quantitative measure, e.g., a bit count or bit rate. This di- 
mension represents a continuum of values with divisions applied as 
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convenient. Thinking about complexity, von Neumann? wrote: “I 


am not thinking about how involved the object is, but how in- 
volved its purposive operations are. In this sense, an object is of the 
highest degree of complexity if it can do very difficult and involved 
things.” See also dimensions B6 and B10. 


Few bits required to control entire replication process 


Many bits required to control entire replication process 


A7. Replication Control Maintenance. As proposed by 
Szathmary,*“"” replicator goal maintenance may be achieved ei- 
ther by stochastic gravitation toward an “attractor” in the dy- 
namic control space, or more directly by “storage” based control 
information (Section 5.1.4(5)). Warns Yudkowsky:74> “A criti- 
cal question is what type of cybernetic control processes operate 
within the replicator. Even the simplest thermostat, from an 
information-theoretic perspective, is far less innocent than it 
seems. It can steer a large volume of starting microstates into a 
small volume of final microstates. It decreases entropy and hence 
adds information in the subsystem. It may turn out to apply a 
covert optimization effect. Error tolerance is the root of all 
evolvability. It deserves emphasis that not all optimization sub- 
processes or cybernetic control mechanisms may be recognized 
as such, unless subject to audit on the volume of the incoming 
and outgoing state space.” 


Replication control is loosely maintained by stochastic gravi- 
tation to an attractor in the dynamic control space (e.g., 
reaction networks) 


Replication control is rigorously maintained by information 
storage-based systems (e.g., gene-like replicators) 


A8. External Veto Authority. Replicators could be disabled or 
shut down by external signal or other means, maintaining creator 
control and contributing to public safety (Section 5.11). For ex- 
ample, the technical regulations”**? for the highly-dangerous weap- 
ons-wielding “BattleBots” of televised competition fame”! in- 
clude the following numerous provisions for safe operation and 
for regaining full human control of teleoperated or autonomous 
devices: 

2.6.2 AUTONOMOUS BATTLEBOTS AND COMPO- 
NENTS — An autonomous function is one that moves the BattleBot 
or operates a weapon independently of any remote control input. 
Control feedback devices such as steering gyros and motor speed 
servos are not considered to be autonomous components. Autono- 
mous BattleBots or autonomous components on a BattleBot are 
allowed, provided that: (a) When a BattleBot is activated, all au- 
tonomous functions are initially disabled, and require a specific re- 
mote command to become enabled. (b) The BattleBot’s remote con- 
trol system can be used to override and stop any and all BattleBot 
and weapon system autonomous motion. (c) All autonomous sys- 
tems comply with the specifications of “3.1.2 Fail-Safe”. (d) The 
BattleBot has a clearly visible external light to indicate when any 
autonomous function is enabled. 

3.1.2 FAIL-SAFE OPERATION — All BattleBots require a 
robust fail-safe system that electronically or mechanically shuts 
off all motion-system and weapons power within one (1) second 
after the remote-control transmitter is switched off, or otherwise 
stops transmitting. 
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5.4.4 SECONDARY POWER SWITCH — All BattleBots are 
required to have a switch that allows the remote-control receiver 
power to be switched on and off independently of the primary-power 
Master Switch. 

6.6.1 RADIO FAIL-SAFE — Upon loss of the remote-control 
signal, any ICE [Internal Combustion Engine] in a BattleBot has to 
either shut off (cease producing power) or begin returning to idle 
speed within one (1) second of signal loss. 

6.6.2 AUTOMATIC MECHANICAL DISCONNECT — Any 
ICE in a BattleBot requires a centrifugal clutch or other mechanical 
disconnect mechanism designed so that, while the engine is run- 
ning at idle speed, there cannot be hazardous movement of the 
BattleBot itself, or of any external weapon component driven by 
that engine. Ifa disconnect system is directly remote controlled, it 
has to automatically revert to a disconnected configuration if the 
remote control signal is lost. 

6.6.3 REMOTE SHUT-OFF — Any ICE in a BattleBot must 
be able to be completely shut off (cease producing power) using the 
remote control. 

Perhaps the most endearing illustration of the unfortunate re- 
sults of a lack of external veto on artificial replicators may be seen in 


the animated Disney classic “The Sorcerer’s Apprentice”.* 74° 


Replicative capabilities and activities can be vetoed or ter- 
minated from outside the replicator device 


Replicative capabilities and activities cannot be vetoed or 
terminated from outside the replicator device 


A9. Embedded Replication Veto. Replicators could carry 
within them an automatic switch which prevents the conduct of 
replicative activities under certain well-defined circumstances. For 
example, environmental concerns*“”* that genetically modified 
plants might spread their genes to related crops in nearby fields 
led researchers to develop anti-crossbreeding systems such as the 
so-called “terminator technology” in genetically-modified 
crops,”*°? with only limited success.74°54 In a more sophisti- 
cated approach,”“*! a “seed lethality” gene that prevents seeds of a 
tobacco plant from germinating is first inserted into the plant ge- 
nome, resulting in a plant that still has normal growth and seed 
production. This plant is then crossed with another that has an 
added gene to repress the seed lethality gene, producing offspring 
plants with viable seeds that can continue to propagate indefi- 
nitely through self-pollination. But when these plants are crossed 
with normal tobacco plants the seed lethality gene and the sup- 
pressor gene are separated and the resulting seeds cannot grow, 
thus preventing further spread in the wild. Similarly, virotherapies 
using oncolytic viruses that are replication competent in tumors 
but not in normal cells offer a novel approach for treating neo- 
plastic diseases.74 


Replicators contain an embedded functionality that prevents 
replicative activities under certain specified conditions. 


Replicators contain no embedded replication veto func- 
tionality. 
B. Replication Information 


B1. Replication Information Autonomy. Most autonomous is 
the autocatalytic replication of spreading fire?! and other 


* The Sorcerer's Apprentice (which featured uncontrollably-growing numbers of animated brooms carrying water buckets) was loosely based on the writing of the German author 
and philosopher Johann Wolfgang von Goethe (1749-1832) in his 1779 ballad “Der Zauberlehrling” (The Magician's Assistant) .?“° The ballad was itself derived from the dialogue 
“Philopseudes” (The Lover of Lies)?“°’ by the Greek satirist Lucian of Samosata (ca. 120-190 AD), and the original story probably dates back to ancient Egypt. 
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reaction-diffusion systems”“° that require no stored information 


to be present anywhere, although the information might be regarded 
as being embedded, or implicit, in the physical process. 


Replication information is stored offboard 


Replication information is stored partly offboard, partly 
onboard 


Replication information is stored onboard 


Replication information not explicitly stored anywhere 


B2. Replicator Information Redundancy. How redundant is 
the information stored in the data cache? In biology, the radiation-re- 
sistant bacterium Deinococcus radiodurans includes a great deal of 
genetic redundancy*“ to achieve high-fidelity DNA repair follow- 
ing severe radiation damage. 


Each cache contains all information in the entire data set 


Each cache contains overlapping subsets of the entire data set 


Each cache contains nonoverlapping unique data subsets of 
the entire data set 


Each cache contains data subsets of a subset of entire data 
set (i.e., some data not present in any cache) 


No cache contains data 


B3. Replicator Information Centralization. How and where 
are the copies (if any) of the replication information stored in the 
replicator? Description-based reproduction with local memory will 
permit open-ended evolution with semantic closure, whereas tem- 
plate-based reproduction with distributed memory (i.e., copying 
via material self-inspection of its parts and identification of parts 

isting in th : ll | icted lution.2378-2382 
existing in the environment) allows only restricted evolution. 


Data stored in 1 cache (maximally localized description-based 
reproduction) 


Data stored in multiple caches 


Data stored in many/all active subunits 


Data stored in many/all parts 


Data stored in no cache (template-based reproduction only) 


B4. Replication Information Abstractivity. 


Information enabling replication is explicitly provided (e.g., 
a data cache providing instructions or descriptions) 


Information enabling replication only implicitly provided (e.g., 
replicator operates by inspecting itself or a physical dupli- 
cate, then derives replicative process steps by inference or 
“reverse engineering”) 


No information enabling replication is provided 


B5. Replication Information Type. Very simple procedural 
rules can sometimes produce seemingly complex results,**° in ef- 
fect encoding vastly more information than it would first appear. 
For example, a 100 kg human body mass would contain ~1078 
atoms and hence would require ~ 10”? bits of raw structural infor- 
mation to describe, assuming random atom placement and ran- 
dom atom type. Yet a 100 kg human body (excluding data con- 
tent of brain) can be adequately described by a chromosome set of 
developmental information containing just under ~10!° bits of 
encoded information, and estimates of the data storage capacity 
of the human brain have ranged from 10° - 10!8 bits (Section 
5.10). The 11-19 orders-of-magnitude differential between the 
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encoded structural information and the raw structural informa- 
tion is a measure of the degree of redundancy inherent in the hu- 
man body structure, and suggests that the design is very robust 
against most minor structural changes. 


Explicit process information (step-by-step procedural instruc- 
tions for building daughter device) 


Descriptive process information (abstract procedural instruc- 
tions, requiring some interpretation) 


Structural information (detailed blueprint of daughter device) 


Developmental information (genetic information or “recipe” 
for producing a daughter device) 


Behavioral information (description of desired behavior of 
daughter device) 


No information 


B6. Replicator Description Size. This is intended to be a spe- 
cific quantitative measure, e.g., a bit count, as shown in Table 5.1 
and elsewhere (Merkle;?!° Nanomedicine,** Table 2.1). (See also 
dimension AG.) For example, Paul and Joyce!?”” observe that the 
maximum possible information content of a nucleic acid species of 
length 7 (assuming a 4-base alphabet) is logo(4”), whereas that of a 
protein species (assuming a 20-residue alphabet) is log»(20”). 

Many people believe that self-replicating systems must be ex- 
tremely complicated, but the data show that this is not necessar- 
ily so. The data comprising almost any known replicator could 
easily be stored on a modern PC or laptop computer, and the 
descriptions of many replicators are less than 1 megabit in size. 
Note that although Mycoplasma genitalium has the smallest known 
genome of any free-living organism, not all of these genes are 
needed? and the minimum possible genome may be only about 
one-third of this size.'8° (M. genitalium is a 0.3-um obligate 
parasite that lacks many functions needed for independent 
saprophytic life.) Many electromechanical devices that have been 
built over the years which demonstrate the ability to feed, me- 
tabolize, learn, respond to stimuli, recognize the self, and move 
about in physical space with goal-oriented behavior'’*1*! are 
quite modest in complexity, possibly requiring as few as 30 
bits“ to 90 bits”4°” for their physical description. (For example, 
machining the Penrose ratcheting 2-blocks®? to 1% dimensional 
accuracy requires 7 bits per Cartesian vertex coordinate. With 2 
coordinates (x, y) per vertex, and 11 and 15 distinct vertices on 
the two block types, respectively, the block pair can be described 
in 364 bits.) Joseph Jacobson at the MIT Media Lab suggests'?°° 
that the goal for the next decade of manufacturing technology 
development should be to “maximize complexity per unit vol- 
ume — [we have] 6 orders of magnitude left to go in complexity 
of engineered systems.” 

Interestingly, in 1961 engineer Marcel Golay,~*°” evidently hav- 
ing von Neumann's kinematic replicator freshly in mind, wrote: 
“Suppose we wanted to build a machine capable of reaching into 
bins for all its parts, and capable of assembling from these parts a 
second machine just like itself. What is the minimum amount of 
structure or information that should be built into the first machine? 
The answer comes out to be of the order of 1500 bits — 1500 
choices between alternatives which the machine should be able to 
decide. This answer is very suggestive, because 1500 bits happens 
also to be of the order of magnitude of the amount of structure 
contained in the simplest large protein molecule which, immersed 
in a bath of nutrients, can induce the assembly of those nutrients 
into another large protein molecule like itself, and then separate 
itself from it.” 
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Table 5.1. Information required to describe some self-replicating systems (descriptions, file sizes, or genomes) 


Self-Replicating System 


Sommerfeld self-rep BASIC program 
Penrose ratcheting 2-blocks 

Subviral plant pathogen (viroid) 

Burger et al. self-rep C program 

Murine cellular PrP‘ (prion) 

Rebek’s self-replicating molecules 
Human PrP protein (prion) 

Ray's evolved Tierra program 

Poliovirus type 1, Mahoney strain (virus) 
Human mitochondrion genome 
Ebolavirus (virus) 

Penrose ratcheting 12-blocks 

SARS coronovirus, Tor2 isolate (virus) 
Mammalian 80S ribosome 

Mushegian’s minimal genome 

T4 bacteriophage (virus) 

von Neumann’s Universal Constructor 
1988 Internet worm 

Nanoarchaeum equitans (archeon parasite) 
Mycoplasma genitalium (bacterium) 
Pyrenomas salina (algae) 

Hemophilus influenzae (bacterium) 
Escherichia coli K-12 (bacterium) 
Saccharomyces cerevisiae (yeast) 
Merkle-Freitas Assembler (compressed) 
Arabidopsis thaliana (mustard plant) 
Drosophila melanogaster (fruit fly) 
Merkle-Freitas Assembler (1 byte/atom) 
Gallus domesticus (chicken) 

Petunia parodii (petunias) 

Mus musculus (mouse) 

Xenopus laevis (frog) 

Homo sapiens (human, male) 

Homo sapiens (human, female) 
Nicotiana tabacum (tobacco) 

Avena sativum (oats) 

Tulipa (garden tulips) 

Protopterus aethiopicus (marbled lungfish) 
NASA self-replicating lunar factory 
Ophioglossum petiolatum (fern, a plant) 
Amoeba proteus (amoeba protozoan) 
Amoeba dubia (amoeba protozoan) 
Chaos chaos (amoeba protozoan) 


Number of Bits Needed to Describe Replicator References 
0.000016 x 10° 424 
0.000364 x 10° 680 & see text 
0.000492 x 10° 1743 
0.000808 x 10° 422 
0.000998 x 10° 1739 

~0.001000 x 10° 1617, 1619 
0.001500 x 10° 2469, 2470 
~0.010000 x 10° 372 
0.014866 x 10° 1949, 2471 
0.033138 x 10° 1825 
0.037902 x 10° 2472, 2473 
~0.049000 x 10° 681, 683 
0.059502 x 10° 2474 
0.073284 x 10° Section 4.2 
~0.300000 x 10° 1865 
0.337806 x 10° 2475 
~0.500000 x 10° 3, 210 
~0.500000 x 10° 210, 2476 
~1.000000 x 10° 2477 
1.160148 x 10° 1867 
1.320000 x 10° 1693, 2478 
3.660274 x 10° 2479 
9.278442 x 10° 2480 
24.312602 x 10° 2481 
~50.000000 x 10° estimated 
230.819898 x 10° 2482, 2483 
245.307954 x 10° 2483, 2484 
1,631.270984 x 10° Section 4.11.3 
2,400 x 10° 1693 
2,442 x 10° 2485 
5,235 x 10° 2486 
6,200 x 10° 1693 
6,294 x 10° 2487 
6,406 x 10° 2487 
8,868 x 10° 2488 
22,630 x 10° 2485 
49,408 x 10° 2485 
263,000 x 10° 2493 
272,000 x 10° 2 
320,000 x 10° 2489 
580,000 x 10° 2490, 2492 
1,340,000 x 10° 2490-2493 
2,680,000 x 10° 2492 


B7. Replication Information Sharing. If replication informa- 
tion is present in the replicator, is it always present or only tempo- 
rarily resident? 


Replication information is never present within the replicator 


Replication information is only transiently present within the 
replicator (e.g., “horizontal gene transfer”*49*?495 with in- 
formation markers sequentially shared among multiple units 
in a replicating consortium;*4%” see Section 5.3) 


Replication information is always present within the replicator 


B8. Replicator Information Lockout. Replication-related in- 
formation, while present within the replicator, is encrypted or locked 
and thus not immediately accessible to the device. External signals 
may be sent to the device to unlock, de-encrypt, relock or re-en- 
crypt all or part of the information, either in blocks or in total, or 
data accessibility may be enabled by other means — a crude analog 
of RNA interference in medicine.”4* 


Replication-related information is unlocked and unencrypted, 
and fully available for use by the replicator at all times 


Replication-related information is locked or encrypted, but 
may be made accessible via remote signal or other means 


Replication-related information is locked or encrypted, but 
may be made accessible only in limited blocks via remote 
signal or other means 


Replication-related information is permanently locked or en- 
crypted, or is never present 


B9. Replicator Description Alphabet. In the case of biopoly- 
mer (e.g., DNA) synthesis, from both theory?°? and experi- 
ment”? one expects higher fidelity of replication with smaller 
genetic alphabets than with large genetic alphabets. Multiple al- 
phabets are also possible. For example, Rocha***! notes that if in 
addition to symbols standing for actions to be performed as in the 
DNA-based genetic code, the genetic system were to be allowed a 
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second class of symbols standing for contextual or environmental 
measurements, “then a richer semiotics can be created which may 
have selective advantage in rapidly changing environments, or in 
complicated, context dependent, developmental processes.” 
Rocha4”? observes that RNA editing?°°?> (wherein mRNA 
molecules contain information not coded in the DNA) may be seen 
as a mechanism for this type of contextual input that is already 
found in biology, at least for certain well known living organisms 
like the African trypanosomes””°?°” and as a potentially impor- 
tant mechanism in the morphogenesis of highly evolved animals.”°® 


Replicator carries no description (genome) 


Replicator description (genome) is coded using a small al- 
phabet of symbols 


Replication description (genome) is coded using a large al- 
phabet of symbols 


Replicator description is coded using two or more distinct 
alphabets of symbols 


B10. Replicator Triviality or Complexity. One simple defini- 
tion of replicator triviality would be the ratio of replicator descrip- 
tion bit count to the average parts description bit count, which com- 
pares parts complexity to the complexity of assembly operations. A 
low ratio implies that the embedding universe (including its physi- 
cal laws of operation) or substrate contains most of the information 
required for replication to occur. A high ratio means that most of 
the information content of the replicator resides in its own organi- 
zation, and not in its parts, or its surroundings, or in natural physi- 
cal laws. (See also our discussion of the Fallacy of the Substrate, 
Section 5.5.) Sayama””” suggests this dimension may include two 
nearly orthogonal subdimensions: (1) the complexity of assembly 
tasks (e.g., complexity comparison between parts and final prod- 
ucts) and (2) responsibility for assembly tasks (e.g., complexity com- 
parison between how much the replicator does and how much the 
environment does, during replication). 


Trivial = low ratio (replicator requires few assembly steps 
and is made of a small number of complex parts) 


Nontrivial = high ratio (replicator requires many assembly 
steps and is made of a large number of simple parts) 


A similar “typography of self-reproducers” has been proposed by 
Luksha,”**8 who distinguishes replicators based on the degree of 
complexity of self-reproducer S, quantified as c(S), as compared to 
the degree of complexity of the environment, quantified as c(E) 


(see Table 5.2). 


Table 5.2. Luksha’s typography of self-reproducers 
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Burks‘ addressed replicator triviality by proposing that “what is 
needed is a requirement that the self-reproducing automaton have 
some minimal complexity,” and suggested that a minimum bound 
on the complexity might be satisfied by the requirement that a 
“self-reproducing automaton also be a Turing machine.” Langton*”? 
rejects such a stringent requirement which he says not only “elimi- 
nates the trivial cases, but it also ... eliminates all naturally occurring 
self-reproducing systems as well” because none have been shown 


equivalent to a Turing machine. As noted by Adams and Lipson,””* 


“though claims to the contrary exist,2>!9 it does suggest that a view 
not reliant on a requirement for universal-computation could be 
worthwhile.” 

Currently there are at least 30 different mathematical descrip- 
tions of “complexity““°°>™ and the concept is clearly of great im- 
portance in defining what is meant by “replication”.*?*” The 
Efstathiou group”! at the University of Oxford has developed theo- 
retical models and simulations of the complexity of manufacturing 
systems. Future theoretical work should endeavor to distill all of 
these measures into a workable quantitative measure most appli- 
cable to kinematic replicators. Such a detailed distillation is a highly 
specialized topic worthy of investigation but unfortunately lies be- 
yond the scope of this book. 


B11. Replicator Pattern Instantiation Specificity. New et 
al?>!? note a distinction between structure-replicators and func- 
tion-replicators. That is, can the replicator exist only as a spe- 
cific physical instantiation, or is the replicator a pattern that is 
imposed on physical matter and can replicate independently of 
the precise composition of that solid matter while preserving all 
replicative functions (e.g., see also KCA-based replicators; Sec- 
tion 3.8)? 


Replicator can exist only as a specific physical instantiation 
(e.g., “autocatalytic replicators” that produce exact copies of 
a template molecule, or assemblers that produce exact physi- 
cal copies of themselves) 


Replicator has parts that must be instantiated exactly (e.g., 
DNA) and other parts that can exist as any of a variety of 
similar structures (e.g., cell membrane) 


Replicator exists as a pattern imposed on physical matter 
and can replicate independently of the precise composition 
of that solid matter, while preserving all replicative func- 
tions (e.g., “function replicators” that maintain a set of es- 
sential functions without replicating the identities of the 
functional moieties) 


B12. Replication Information Context 
Tolerance. In biological replicators based 
on DNA, the same codon-based nucleotide 
sequence can often be read with a “frame- 


Type of Self- 


shift” of one or two nucleotide bases and 
still code for viable, indeed essential, pro- 


teins. This concept may be generalized to 
include the viability of a replication-related 
descriptive sequence when it is read or ex- 
ecuted in different ways. Replication infor- 
mation may also be made more compact by 


making the translation, interpretation or ex- 
ecution of replication instructions depen- 
dent upon the previous instruction(s) that 
have been processed, their order of process- 


c(E) vs. c(S) Reproduction Description Examples 
c(E) >c(S) quasi strictly dependent in viruses and genes 
self-reproducers reproduction on asystem © memes 
of higher complexity not © computer viruses and 
produced as a part of its | computer “artificial life” 
reproduction process (e.g., Tierra**) 
c(E) ~c(S) semi autonomous complex * organisms with sexual 
self-reproducers systems requiring another divergence 
comparably complex © (certain) organisms with 
system to self-reproduce _ parasitic reproduction 
c(E)<c(S) true complex autonomous © prokaryotic / eukaryotic cells 


self-reproducers systems capable of self- 


reproduction in an environ- ¢ self-reproducing society 
° artificial self-reproducing plants? 


ment of basic elements 


© organisms with asexual reproduction 


ing, or the manner in which they were pro- 
cessed. An example of this in biology is rule 
context sensitivity in embryogeny.7“°! See 
also E9 and F7. 
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Data related to replication may be transcribed or executed in 
several different ways, and still produce a viable offspring; 
context-sensitive or parameterized grammars 


Data related to replication may be transcribed or executed 
in only one way to produce a viable offspring; context-free 
grammars 


C. Replication Substrate 


C1. Substrate Physicality. A virtual environment, which is 
purely computational, in fact also takes place in a material sub- 
strate, either a computer memory (based on silicon chips), or in our 
brain (based on neurons). However, replicators existing in such an 
environment are not kinematic replicators because their compo- 
nents do not engage in physical movements through space. This 
factor is interdependent with replicator physicality (see D1). 


Physical Environment (physical matter) 


Virtual Environment (purely computational) 


C2. Substrate Naturalicity. 


Wet (natural, biological, organic) 


Hybrid Wet-Dry 


Dry (artificial, nonbiological, mechanical) 


C3. Substrate Technology Level or Granularity. 


Subatomic (“femtotechnology”?)?°°> 290” 


Atomic/Molecular: nanotechnology (nanoscale) 


Microscale: MEMS (microns) 


Macroscale: 20th century industrial (mm to meters) 


Megascale: large space systems (km, megameters, etc.) 


C4. Substrate Physical Dimensionality. This refers to the di- 
mensionality of the portion of the substrate that is relevant to the 
productive part of the replicator’s operations. Processes that take 
place on tool tips are pointlike (0-D), even though the tool as a 
whole might move through space in multiple dimensions with 
multiple degrees of freedom. 


0-D (pointlike) 
1-D (Linear) 
2-D (planar) 


3-D (volumetric) 


C5. Replication Substrate Phase. Replication takes place in 
some medium, or at the interface between two or more different 


Table 5.3. Phase of matter in the material substrate 
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media (see also “L6. Environmental Partitioning”). This dimension 
to some extent substitutes as a variable describing the relative 
randomicity of parts orientation in space or “jumbleness” of the 
parts presentation to the replicator ingestor subsystem (see Table 
5.3) (see also “C10. Entropy of Substrate”). 


C6. Replication Substrate Temperature. At what temperature 
may replication take place on the given substrate? For example, if 
sufficient precision and reliability in diamond mechanosynthesis 
cannot easily be achieved at room temperature,**”’ then colder sub- 
strates (e.g., LN temperature) may be required, further limiting 
the risks of runaway replication in the natural environment (Sec- 
tion 5.11). 


Replication can only take place on a substrate maintained at 
temperatures near absolute zero, e.g., liquid helium 


Replication can take place at or below cryogenic tempera- 
tures, e.g., liquid nitrogen (LN2) 


Replication can take place up to near room temperature, e.g., 
~300 K 


Replication can take place up to elevated temperatures, e.g., 
500-700 K 


Replication can take place up to the temperatures of hot gas 
or plasmas 


C7. Substrate Sufficiency. One simple quantitative measure 
would be a dimensionless ratio for each parts type, defined as the 
relative concentration of a given part present in the substrate di- 
vided by the relative concentration of the given part in the replicator. 
This is a measure of how well the parts content of the substrate 
matches with the materials input requirements of the replicator, 
similar to the “extraction ratio” described by Freitas in 1980 
(Freitas;!°'4 Freitas and Gilbreath,” Section 5.3.6). For example, if 
a given part represents only 1% of the input substrate by volume, 
but that same part represents 10% of the volume of the replicator, 
then the substrate sufficiency for this part would be 1%/10% = 0.1, 
or 10%. 


All replicator parts are present in the substrate in the exact 
proportions required for the construction of the replicator 
(most sufficient) 


Replicator parts are present in the substrate in close but not 
exact proportions required for the construction of the 
replicator 


Some replicator parts are present in the substrate in sub- 
stantially different proportions from those required for the 
construction of the replicator (least sufficient) 


C8. Environmental Fixture Requirement. The first teleoperated 
self-replicating machines constructed by Suthakorn!?841?” using 
LEGO® blocks required fixtures present in the environment to as- 
sist in parts-assembly processes. Similarly, 
Sayama®” suggests including the construction of a 
replicator “workplace” as an integral part of the 
replication program in order to “enhance the ro- 


bustness of self-replication processes...in our real, 


INTERFACE Vacuum (V) Photon (Ph) Plasma (P) Gas (G) Liquid (L) Solid (S) : ° : I ° 

three-dimensional kinematic universe.” (See also 
Vacuum (V) V-V V-Ph V-P V-G V-L V-S dimension [10 below.) In ecology, this procedure 
Photon (Ph) Ph-V Ph-Ph Ph-P Ph-G Ph-L Ph-S is known as “niche construction”,”°!? as typified 
Plasma (P) P-V P-Ph P-P P-G P-L P-S by the hive-building activities of bees or the 
Gas (G) GV G-Ph G-P G-G G-L G-S dam-building activities of beavers. In reproductive 
Liquid (L) L-V L-Ph L-P L-G L-L L-S physiology, the eggshell produced by bird or rep- 
Solid (S) ul ie oe a6 ae a tile parents serves “to stabilize the process of off 
No Interface Vv Ph P G L S 


spring construction by isolating it from the outside 
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and holding it on a solid structure,” and the uterus of mammals 
during reproduction similarly represents a workplace that “is in- 
cluded in the parent’s body, but can be refurbished and extended as 
needed to hold its offspring while they are under construction.”®” 
Berkeley!* also informally suggested the use of a robot “birth fac- 
tory” for robot reproduction, in 1972. 


No fixtures, jigs, or workplace are required to be present in 
the environment for replication to occur 


Fixtures, jigs or workplace are required to be present in the 
environment for some replication processes to occur 


Fixtures, jigs or workplace are required to be present in the 
environment for all replication processes to occur 


C9. Feedstock Import through Boundary. “Feedstock” con- 
stitutes all material inputs to the system, including materials whose 
atoms are destined for incorporation into finished products or tem- 
porary fixtures as well as other material inputs that might be used to 
supply energy, information, etc. 


Feedstock materials are not imported through any physical 
boundary 


Feedstock materials import through boundary permanently 
contaminates internal environment, preventing further rep- 
lication processes 


Feedstock materials import through boundary temporarily con- 
taminates internal environment; remediation of internal en- 
vironment permits replication processes to continue 


Feedstock materials import through boundary is accomplished 
while continuously maintaining the integrity of the physical 
barrier, permitting replication processes to continue 


C10. Entropy of Substrate. How disordered are the inputs that 
are presented to the replicator for assembly? See also B10. 


Substrate or input parts are located in fixed locations/orien- 
tations in space (e.g., parts anchored to fixed mounts) 


Substrate or input parts circulate through known locations/ 
orientations in space according to a fixed schedule (e.g., 
parts presented on circulating conveyor) 


Substrate or input parts are constrained to specific regions 
of space but may be positioned randomly within that spe- 
cific region (e.g., parts in bins) 


Substrate or input parts may be positioned randomly within 
the accessible physical space (e.g., parts in solution) 


C11. Self-Replicability. Adams and Lipson’”*”>"“ have proposed 
a universal, continuously valued property of the interaction between 
a system and its environment, called self-replicability, representing 
the effect of the presence of such a system upon the future presence 
of similar systems. Their objective is to put self-replication on an 
algorithmically calculable, quantifiable, and continuous logarith- 
mic scale that facilitates comparisons — both between the same 
system in different environments (determining ideal environments 
for a system’s replication) and between different systems in the same 
environment (if optimizing self-replicability in a given environment 
is desired). Rather than viewing self-replicability as a property purely 
of the system in question, Adams and Lipson correctly view it as a 
property of the interaction between a system and its environment. 
They define replicability as a property relative to two different envi- 
ronments, which indicates the degree to which one environment 
yields a higher presence of the system over time. Self-replicability 
is then a comparison between an environment lacking the system 
and an environment in which the system is present.?’” A specific 
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mathematical formula (too lengthy to detail here) is derived that 
can be universally applied to systems from cellular automata to liv- 
ing systems. Say the authors: “The flexibility of calculation reflects 
the idea that replication is a property of the information tied up in 
the interaction between a system and its environment, rather than 
in either one or in the specific physical makeup. Also, the crystal 
model in particular demonstrates how self-replicability succeeds in 
coinciding with intuition: The more likely it is for a system to mani- 
fest regardless of having been present before, the lower its 
self-replicability will be; conversely the more unusual and unlikely 
a system is which is capable of replicating its existence, the higher 
its self-replicability.” 


Self-replicability < 0 


Self-replicability = 0 


Self-replicability > 0 


C12. Fixture Acquisition. If fixtures are required, how are they 
obtained by the replicator? 


Fixtures are present everywhere in the environment 


Fixtures are available only in limited regions in the environ- 
ment and the replicator must actively seek them 


No fixtures are present in the environment, so the replicator 
must produce its own fixtures by itself 


D. Replicator Structure 


D1. Replicator Physicality. This factor is interdependent with 
substrate physicality (see C1). 


Physical Device (kinematic replicator) 


Particle Device (kinematic-cell automaton) 


Virtual Device (cell automaton replicator or declarative program) 


D2. Replicator Naturalicity. The relative advantages and limi- 
tations of “soft” vs. “hard” machines in growth and replication have 
been discussed by Drexler,>° Freitas,7*® and Sosic and Johnson.”>)° 

Wet (natural, biological, organic) 


Hybrid Wet-Dry 


Dry (artificial, nonbiological, mechanical) 


D3. Replicator Technology Level or Granularity. One inter- 
esting unconventional alternative is the quantum-dot-based “pro- 
grammable matter” of McCarthy,”?!° which would involve physical 
substances made of artificial atoms whose elemental character is ca- 
pable of being electronically switched. 


Subatomic (“femtotechnology”?)3°>2557 


Atomic/Molecular: Nanotechnology (nanoscale) 


Microscale: MEMS (microns) 


Macroscale: 20th century industrial (mm to meters) 


Megascale: Large space systems (km, megameters, etc.) 


D4. Replicator Physical Dimensionality. Tool-tip AFM-based 
systems are 0-D; early Penrose blocks (Section 3.3, Figure 3.3) are 
1-D; etc. This item refers to the physical dimensionality of the con- 
structing, assembling, or manufacturing process, and not to the ki- 
nematic manipulator degrees of freedom described in H5. For “tem- 
poral dimensionality” of replicators, see L8 (heterochrony). 
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0-D (pointlike) 
1-D (Linear) 
2-D (planar) 


3-D (volumetric) 


D5. Replicator Scale. Because of their superior speed of opera- 
tion and thus their ability to build more finely-grained structures 
composed of vastly greater numbers of parts in a given volume per 
unit of time, microscale replicators constructed from nanoscale com- 
ponents should be capable of far greater replicative complexity than 
macroscale replicators constructed of macroscale parts. But 
replicators can be built at either scale. 


Subatomic (<0.1 nm) 
Nanoscale (0.1-300 nm) 


Microscale (0.3-1000 microns) 


Macroscale (1 mm -10 m) 


Megascale (>10 m) 


D6. Replicator Mass. This quantity is a continuous measure. 


Subatomic (<10°*° kg) 
Nanoscale (10°°9-10"16 kg) 
Microscale (10°1°-10°6 kg) 
Macroscale (10°°-10° kg) 


Megascale (>10° kg) 


D7. Replicator Boundary. Compartmentation is regarded by 
many as essential for the origin of life”*!” and successful replication. 
Compartmentation can occur via a medium that limits macromo- 
lecular diffusion more than small molecule diffusion (e.g., the inte- 
rior of a gel matrix, or a micro- or nano-porous rock),??!8 or via an 
emulsion in which small aqueous compartments in a non-aqueous 
matrix house replicating molecules,>!? or via membranes or walls 
enclosing the replicator machinery.”>!” Interestingly, Barricelli*“” also 
predicted that his virtual symbioorganisms would need to develop 
means of controlling their local environment (such as an external 
membrane) if they were to evolve past a certain level of complexity. 


No isolation of replicator interior from external environment 


Replicator processes compartmentalized by a macromolecu- 
lar diffusion-limiting medium 


Replicator processes compartmentalized by an emulsion con- 
taining medium and non-medium microregions 


Replicator processes compartmentalized by physical mem- 
branes or walls 


D8. Product Export through Boundary. “In typical applica- 
tions, the products of molecular manufacturing must be delivered 
to an external environment without permitting back contamina- 
tion of the eutactic internal environment” of the assembler.”°8 “Prod- 

7 : : : 
uct” here may include both replicas and non-self objects manufac- 
tured by the original replicator. 


Product is not exported through any physical boundary 


Product export through boundary permanently contaminates 
internal environment, preventing further replication processes 


Product export through boundary temporarily contaminates 
internal environment; remediation of internal environment 
permits replication processes to continue 
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Product export through boundary accomplished while con- 
tinuously maintaining integrity of physical barrier, permit- 
ting replication processes to continue 


D9. Replicator Structural Fixity. Internal components may be 
fixed or mobile within the replicator boundary, or they (most likely 
active subunits) may be free to exit the replicator boundary, possi- 
bly to return later. Replicators may fragment into non-growing en- 
tities that are considerably smaller than the whole viable entity, and 
these fragments may come together at a later time to form a viable 
organism. Alternatively, a replicator might fragment, with each dis- 
parate component incapable of growth but the population of com- 
ponents still capable of achieving success.*?”° Some plant RNA vi- 
ruses exhibit just such a pattern,”**! with each particle packaging 
separate RNA and sometimes three separate particles needed to es- 
tablish an infection, though there are as yet no examples of this 
strategy among the prokaryotes. Size, shape, and morphology of a 
replicator composed of a facultative aggregate of active subunits may 
change according to the environmental and social status of the ag- 
gregate. One example of such an organism is Myxococcus xanthus,”>** 
whose life cycle is carefully controlled by cell density and nutrient 
levels, and consists in turn of tiny forms, actively moving large forms, 
and huge social formations producing mushroom-like fruiting bod- 
ies.?°* It is also proposed?””° that nanobacteria may react to stress 
by becoming social and forming communities, or by “hibernating” 
for extensive periods waiting for suitable conditions permitting 
growth, or by forming and shedding units resembling viruses — an 
elementary system of tiny units performing special tasks. In this 
theory, only when united and surrounded by membrane, thus clos- 
ing the compartment, would the putative nanobacteria resemble 
present forms of bacteria.” 


Internal components occupy fixed relative structural posi- 
tions within replicator boundary 


Internal components occupy constrained relative structural 
positions, but have some freedom of movement relative to 
each other within replicator boundary 


Internal components occupy no fixed relative structural po- 
sitions, and are free to move relative to each other within 
replicator boundary 


Internal components not constrained to remain within 
replicator boundary 


D10. Replicator Particity. Is the replicator composed of dis- 
crete parts, or is it constructed as a unitary block with no individual 
parts whatsoever? 


Replicator is built as a solid block of material without any 
discrete parts 


Replicator is composed of parts which are all of the same size 


Replicator is composed of a convergent sequence of progres- 
sively larger parts of uniform sizes within several distinct 
size classes 


Replicator is composed of a mixture of parts of various sizes 


D11. Process Materials Storage. Where are process materials 
stored? 


Process materials are stored only inside the replicator 


Process materials are stored partly inside, partly outside, the 
replicator 


Process materials are stored only outside the replicator 


The replicator does not store any process materials 
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D12. Replicator Computer. Does the replicator possess an 
onboard computer (e.g., central processing unit (CPU) and gen- 
eral-purpose memory? Note that any CPU contains memory, and 
any memory requires a CPU (or at least logic). 


Replicator possesses an onboard computer containing 
general-purpose memory and CPU 


Replicator possesses simple fixed-purpose logic and memory 
of limited semantics 


Replicator possesses no onboard computer 


D13. Replicator Contiguity. Are the various components of a 
replicator contiguous in physical space, or not? Notes Friedman:!” 
“There is an implicit assumption in much of the literature that the 
self-replicating machines must consist of a single complex assembly 
(that’s almost what we see in nature if we ignore the complementary 
activity of the sexes.) In the engineering world, it appears abun- 
dantly more practical to envision a large, distributed set of cooper- 
ating elements, such as a modern industrial factory. Then it be- 
comes interesting and practical to ask questions such as: “What is 
the simplest factory that can manufacture a useful product and also 
manufacture a complete replication of itself (with and without hu- 
man intervention)?’ Or: “What is the simplest factory which can 
self-replicate autotrophically (with and without human interven- 
tion)?’ For the cases permitting human intervention at least we have 
an existence proof: The set of all factories in the United States can 
produce useful products and they — as a system — clearly have the 
ability to produce more of their own kind (or where else did they 
come from?). So far, there is no existence proof of the case without 
human intervention — except the biological analogy.” See also I4. 


Replicator consists of a single complex assembly that is spa- 
tially contiguous 


Replicator consists of multiple assemblies that are spatially 
non-contiguous 


E. Passive Parts 

A passive part represents the most primitive component that is 
handled by the replicator, as it replicates or manufactures non-self 
product. It possesses no onboard power or control. Examples might 
include carbon dimers if the replicator uses dimers as a principal 
carbon source for mechanosynthesis,”*”> simple mechanical struts 
and gears if these are found in the replicator’s environment, and so 
forth. The simplest passive parts are the most primitive components 
of which the replicator is constructed, and which the replicator is 
capable of manipulating for purposes of fabrication or assembly. 


E1. Passive Constituent Parts Count. Refers to the total num- 
ber of primitive passive parts which the replicator must individually 
manipulate in order to make a copy of itself. If the simplest parts 
used are atoms, as in molecular manufacturing, then the “parts 
count” becomes simply the number of atoms in the replicator struc- 
ture, or “atom count.” 


1 part 


2 parts 


Many parts 


Atom count 


E2. Passive Constituents Parts Scale. This item refers to the 
scale of the most primitive passive parts from which the replicator 
can be said to be comprised, and which the replicator must indi- 
vidually manipulate in order to make a copy of itself. 
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Subatomic (<0.1 nm) 


Atomic/Molecular (0.1-1 nm) 


Nanoscale (1-300 nm) 


Microscale (0.3-1000 microns) 


Macroscale (>1 mm) 


E3. Passive Constituent Parts Types. This item is intended to 
be a quantitative count of the number of distinct parts comprising 
the replicator. Of course, the number of distinct kinds of parts is 
not the sole measure of replicative complexity, just as reduced in- 
struction set (RISC) processors are fundamentally simple but can 
still carry out very complex tasks. A nanodevice which replicated 
itself by manipulating atoms of all 92 natural elements could be 
said to have only 92 different “parts” (atoms), representing a fairly 
modest amount of parts diversity. The precise definition of “part” 
clearly depends on context. The Merkle-Freitas assembler (Section 
4.11.3) may contain at most ~100 different parts types, and a mod- 
ern jet aircraft contains more than 200,000 unique parts, each of 
them interacting with an average of 3-4 other parts.”””? But in an- 
other view, for the case of the hydrocarbon nanofactory or molecu- 
lar assembler (e.g., Section 4.11.3), as few as two “part types” might 
be said to be required (i.e., acetylene molecules plus one type of 
“vitamin” molecule). 


All parts are of one type 


Parts are of many types 


Each part is of a unique type 


E4. Number of Vitamin Parts. Vitamin parts are passive parts 
that cannot be manufactured by the replicator and must be pro- 
vided from the outside in order for replication to be completed. In 
a “vitamin architecture,” key materials (physical components or 
parts) essential for replication are exclusively provided from with- 
out (Section 4.3.7). Notes biochemist Michael Adams:2°"4 “Obvi- 
ously, no life-form survives in isolation from its surroundings, but 
organisms vary considerably in their dependence upon their envi- 
ronment. Thus, humans require at a minimum ten or so amino 
acids, various minerals, an array of biological cofactors (vitamins), 
and a continual supply of O> gas. Perhaps surprisingly, these same 
materials are also required by many microorganisms, although they 
typically differ from us in their ability to synthesize most, if not all, 
of the twenty amino acids as well as many, if not all, of what we 
term ‘vitamins.’ Like us, the vast majority of microorganisms re- 
quire a fixed carbon source, which is usually a carbohydrate of some 
sort, although in some cases lipids, nucleotides, or various simple 
organic compounds are utilized. In contrast, some microorganisms 
are intensely dependent upon their environments. For example, some 
microbial parasites do not synthesize any amino acid or lipid, and 
only a few enzyme cofactors and nucleotides; rather, they obtain all 
of these compounds from their host.” The need for essential vita- 
min parts can serve as a valuable replication safety mechanism. For 
instance, one species of therapeutic gut-dwelling genetically engi- 
neered bacteria” has had its gene for thymidine synthesis removed. 
The modified bacteria can survive only in the gut where thymidine 
is naturally available; outside the gut where thymidine is not avail- 
able, the altered bacteria die in just 72 hours. 

One common safeguard used to provide total control over artifi- 
cial cells is to make their lives dependent on chemicals that do not 
exist in the environment — withdrawing the critical chemicals would 
result in the death of the cells, particularly if they should escape 
into the environment.?!”” 
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No vitamin parts are required for replication 


A few vitamin parts are required for replication 


Many vitamin parts are required for replication 


All parts required for replication are vitamin parts 


E5. Replicator Nutritional Complexity. How many different sorts 
of parts can the replicator eat, and still successfully proliferate? This 
includes two closely related issues:4!4 (a) minimal nutritional complex- 
ity, and (b) nutritional diversity or flexibility. The small-genome 0.17 
um? marine bacterium Brevundimonas diminuta can only grow on a 
few kinds of sugars and amino acids;**”° C. oligotrophus eats primarily 
hydrocarbons that number many in type, though the precise complexi- 
ties of its metabolism are currently unknown;7?”” while the -1 um? E. 
coli can consume very many substrates and has 28578 or more (con- 
sidering unknown sequences) different transport systems to accumu- 
late them. M. Krummenacker‘™ notes that the champions of minimal 
nutritional complexity in the biological world are probably the photo- 
autotrophic cyanobacteria,”°”? whose energy source is light and whose 
sole carbon source is CO2 — though these (and other microbes men- 
tioned earlier) also require a number of trace minerals including metal 
ions, phosphorus, nitrogen and sulfur in addition to the carbon source. 
Genome size appears related to nutritional complexity.?””” 


Replicator can replicate only if fed one specific menu of ma- 
terial inputs 


Replicator can replicate if fed any one of several menus of 
material inputs 


Replicator can replicate if fed a diverse menu of material 
inputs 


EG. Required Parts Preparation. According to Chang:””? “Like 
other robotics researchers, Dr. Rodney Brooks, director of the Arti- 
ficial Intelligence Laboratory at the Massachusetts Institute of Tech- 
nology, predicts the development of robots that assemble themselves, 
so to speak, out of ready-made parts.” Using pre-made parts is not 
“cheating”: Virtually all known replicators — including human be- 
ings — rely heavily on input streams consisting of “premanufactured 
parts” most of which cannot be synthesized internally. Indeed, the 
development of artificial replicators that do not require 
premanufactured parts seems unnecessary, more technologically 
challenging, and quite possibly a threat to public safety.” Notes 
Merkle:’?? “Should we relinquish autonomous, self-replicating de- 
vices that can function in a natural environment? The answer is yes, 
that looks like a fine thing to relinquish.” And replication from 
more disordered starting materials is harder work and thus likely 
harder to engineer. If the length of its genome was an approximate 
measure of the difficulty of an organism’s function, then we might 
infer that the autotrophic flowering plants, many of which have 
surprisingly large genomes compared to animals of comparable size 
(Table 5.1), must have much greater difficulty manufacturing or- 
ganic nutrients from less organized matter than do animals who 
must catch prey for food.” However, the situation is not so clear 
because certain DNA sequences are repeated hundreds or thousands 
of times, and apparently only a small fraction of the nuclear genome 
of plants with large genomes is transcribed —e.g., Robert B. Goldberg 
of UCLA estimates that only 1-2% of the tobacco nuclear genome is 
transcribed, based on hybridization of RNA to genomic DNA??? 


Replicator parts cannot be fabricated onboard, but must be 
supplied from the outside as completely prefabricated parts 


Replicator parts cannot be fabricated onboard, but 
externally-supplied prefabricated near-parts can be reworked 
onboard into the necessary finished parts 
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Replicator parts may be fabricated onboard from relatively 
crude feedstocks 


Replicator parts may be fabricated de novo from significantly 
disordered natural environmental materials (e.g., rocks, air, 
biological substances) 


E7. Passive Parts Complexity. A crude single quantitative mea- 
sure would be the average descriptive complexity per part — e.g., 
the bits required to describe each part at the blueprint level of de- 
tail, summed over all part types, divided by the number of parts 
types. Alternatively, this measure could be reported as a histogram, 
e.g., Showing the number of parts as a function of bits per part. A 
relative measure, such as the ratio of the average parts complexity to 
the total replicator complexity, might also be useful. Notes Aristides 
Requicha’”*! of the USC Laboratory for Molecular Robotics: “When 
you replicate something, the complexity of the components you are 
allowed to use is very important. Suppose, for example, that you 
replicate DNA by using a long strand as template to ‘catalyze’ the 
ligation of two others that are pretty complex. You may call this 
replication, but the problem is going to be in getting the two com- 
ponent strands. Where do these components come from? In other 
words, the final act of replication may not be the most interesting 
part of what is going on, it may be kind of trivial compared with 
making the components.” 


Parts are very simple and of low informational complexity 


Parts are of moderate complexity 


Parts are very structurally complex and require large amounts 
of information to completely specify 


E8. Parts Precision. This item refers to the precision with which 
parts must be fabricated (e.g., minimum feature size), as distin- 
guished from the overall size of the parts themselves (E2). See re- 
lated dimension E11. 


Parts are fabricated to molecular precision 


Parts are fabricated to nanometer-scale precision 


Parts are fabricated to micron-scale precision 


Parts are fabricated to millimeter-scale or only macroscale 
precision 


E9. Multiple Utility of Passive Parts. See also B12 and F7. 


Parts each have only one functional use. 


Parts each have two unrelated functional uses. 


Parts each have many unrelated functional uses. 


E10. Parts Presentation. Do parts come to the replicator for 
assembly, or does the replicator go out and gather parts? Does the 
replicator have independent mobility? See also F8. 


Parts circulate freely in the workspace, akin to diffusive trans- 
port; replicator resides in one fixed location and samples the 
stream of parts as they go by 


Both parts and replicators circulate throughout some or all 
of the workspace, with some constraints or with no constraints 
on physical location 


Parts are assigned to fixed locations in the workspace, akin 
to a parts bin or warehouse; replicator circulates freely to 
gather needed parts 


E11. Mode of Dimensional Specification. Digital specifica- 
tion of replicator parts is possible using such materials as LEGO® 
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blocks, molecular building blocks, or especially individual atoms 
during molecular manufacturing. Analog specification relates to bulk 
machining and similar non-modular manufacturing processes. See 
related dimension E8. 


Parts are specified by approximate dimensions (analog speci- 
fication) 


Parts are specified by precise count of modular materials (digi- 
tal specification) 


E Active Subunits 

An active subunit is a replicator component that possesses power, 
control, or autonomous mechanical action. Examples might include 
a complete manipulator arm or an onboard computer, if the 
replicator design includes such components, up to and including 
whole autonomous robots if these are components within the en- 
tire replicator system. In biology, a single cell could be regarded as 
an active subunit of a multicellular organism. 


F1. Multicellularity. Quantitatively, the item here represents the 
number of active subunits comprising a replicator, and may range from 
one single subunit up to thousands, billions, or more active subunits. 
In biology, modularity may improve the adaptability of complex adap- 
tive systems.” This is similar to Szathmary's*4"” dimension of “set” 
which distinguishes replicators according to the set of entities capable 
of replication (i.e., solitary vs. ensemble replication) and Segre’s?°?°??’ 
ensemble replicators (Section 5.1.4). Szathmary and Wolpert?” have 
reviewed the evolution of multicellularity in biology. 


Unicellular (replicator consists of a single active unit) 


Multicellular (replicator consists of multiple active cooperat- 
ing units) 


F2. Active Subunits Scale. How large are the active subunits? 


Subatomic (<0.1 nm) 
Atomic/Molecular (0.1-1 nm) 
Nanoscale (1-300 nm) 
Microscale (0.3-1000 microns) 


Macroscale (>1 mm) 


F3. Active Subunits Types. How many different types of active 
subunits are there? Subunits may also be organized in a functional 
hierarchy, as suggested by Miller”??? (Section 5.1.2). 


Replicator has no active subunits 


All active subunits are of one type 


Active subunits are of multiple types 


Each active subunit is of a unique type 


F4. Active Subunits Complexity. A crude quantitative measure 
would be the average descriptive complexity per subunit — e.g., 
the bits required to describe the assembly of each subunit from its 
constituent passive parts at the blueprint level of detail, summed 
over all subunit types, divided by the number of subunit types. A 
simpler but less useful measure would be the number of individual 
parts present in active subunits, possibly computed on a per-sub- 
unit basis. (See also E7.) 


Subunits are very simple and of low informational complexity 


Subunits are of moderate complexity 


Subunits are very structurally complex and require large 
amounts of information to completely specify 
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F5. Subunit Fate. Early in the replication process, groups of 
active subunits (e.g., cells) might be undifferentiated and thus may 
be called “precursor” subunits. Their fates can be assigned in several 
ways, frequently through receiving messages from an outside sub- 
unit called an “organizer”. If precursor subunits each take on one of 


two fates, A or B, then a variety of static and signal-based strategies 
are possible.740! 7°94 


Graded Induction: A signal is released from an organizer in 
a graded pattern. The precursor subunit receiving the most 
signals assumes fate A, while those receiving fewer signals 
assume fate B. 


Two Step Induction: The organizer first releases a uniform 
signal to all precursor subunits to let them know that they 
form a precursor group. A secondary signal is subsequently 
released to a subset of the group to further distinguish fates. 


Sequential: The signal from the organizer reaches only a 
single precursor subunit, which assumes fate A. It then sends 
secondary signals to adjacent precursor subunits, giving them 
secondary identities. 


Self-organization: The precursor subunits signal each other 
and the dynamic properties of the network of signals assigns 
fates, without any organizer subunit necessary. 


Prepattern: Gene expression alone, deriving from each pre- 
cursor subunit’s lineage, is responsible for fates. Signals are 
not utilized, that is, the state of the parent subunit fully 
specifies the states of its progeny. 


Chris Langdon”? observes that in multicellular organisms, the 
individual subunits (cells) not only self-replicate but also differenti- 
ate into specialized subunits that arrange themselves into a specific 
macroscale pattern of organization. It would seem that a complex 
assembler or nanofactory might similarly use post-replication dif- 
ferentiation of subunits to produce other complex nanofactories like 
itself. “Borrowing this neat trick from nature would require a dis- 

ae erie i Bald GH 
tinction between germ-line ‘cells’ and body-line ‘cells’,” notes 
Langdon,”’*? “but such a scheme would seem to be well within the 
complexity envelope established by many of the other proposals 
(ane eee: : 
presented in this book, especially in Chapter 4. 


F6. Subunit Targeting. Not only must active subunits reach 
their proper physical locations during replication, but they must 
also accurately connect to other subunits.“°! An example in biol- 
ogy is the nervous system, where developing proper connectivity is 
crucial.”>*° In order to create a working network of cells, cell exten- 
sions such as axons and dendrites must ultimately reach their in- 
tended targets. Targeting of cell extensions is usually based on one 
of two primary strategies.°°°”°38 


Specific Identity: The absolute location of a target is speci- 
fied directly in the genetic code or replication instructions, 
e.g., a target may be located based on a chemical marker.“ 


Relative Position: The relative location of a target is speci- 
fied in the genome, so that the extension grows a specific 
distance and angle in order to reach the target. In biology, 
highly regular patterns of connectivity such as neural 


self-organizing maps (SOMs), are likely to form this way.24°? 


F7. Multiple Utility of Active Subunits. See also B12 and E9. 


Subunits each have only one functional use. 


Subunits each have two unrelated functional uses. 


Subunits each have many unrelated functional uses. 


F8. Subunits Presentation. Do active subunits come to the 
replicator for assembly, or does the replicator go out and gather 
active subunits? See also E10. 
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Subunits circulate freely in the workspace, akin to diffusive 
transport; replicator resides in one fixed location and samples 
the stream of subunits as they go by 


Both subunits and replicators circulate throughout some or 
all of the workspace, with some constraints or with no con- 
straints on physical location 


Subunits are assigned to fixed locations in the workspace, 
akin to a parts bin or warehouse; replicator circulates freely 
to gather needed subunits 


F9. Process Functionality of Active Subunits. Do active sub- 
units composing the replicator process matter, information, or both? 


Active subunits are primarily kinematic in function (e.g., pure 
teleoperation of physical replicator through mechanical links) 


Some active subunits have kinematic function, while others 
process information 


All active subunits process information only (e.g., cellular 
automata) 


F10. Timing of Subunit Activation. When are subunits acti- 
vated during the replicative process? See also 8. 


Active subunits are always activated 


All active subunits are activated during self-replication 


Some active subunits are activated during self-replication 


Active subunits are activated after self-replication is complete 


G. Replicator Energetics 
G1. Process Energy Autonomy. 


Unpowered (thermal vibrations only) 


Remote Powered (offboard energy source) 


Autonomously Powered (onboard energy source) 


G2. Process Energy Redundancy. This refers to the number of 
onboard energy conversion mechanisms — as for example the num- 
ber of independent glucose engines inside each respirocyte.?”? 
Replicator reliability is enhanced by providing greater redundancy 
of onboard energy sources. 


Any source of energy can, by itself, power the whole replicator 


Multiple sources of energy, each by itself, can power the 
whole replicator 


No source of energy, acting by itself, can power the whole 
replicator (some/all sources must contribute to achieve pow- 
ered operation of the whole replicator) 


G3. Process Energy Centralization. How many sources of en- 
ergy are there? 


No source of process energy (thermal vibrations only) 


Single source of process energy 


Multiple sources of process energy 


Many/all subunits can provide process energy 


Many/all parts can provide process energy 


G4. Number of Onboard Process Energy Types. How many 
different types of energy are employed? A replicator which is capable 
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of replicating using multiple kinds of energy (e.g., chemical, acoustic, 
photonic, etc.) is more versatile and can operate in a greater range of 
environments and conditions, and is probably also more complex, 
hence is less likely to remain “inherently safe” (Section 5.11). 


No source of process energy (thermal vibrations only) 


All onboard process energy is of one type 


Onboard process energy is of multiple types 


G5. Process Energy Types. A matrix of power conversion pro- 
cesses that might be employed by replicators is readily defined 
(Nanomedicine,** Section 6.3 and Table 6.2). 


Thermal 


Mechanical 


Acoustic 


Chemical 


Electrical/Magnetic 


Photonic 


Nuclear 


G6. Process Energy Storage. Can energy be stored onboard the 
replicator (e.g., in batteries)? If energy can be stored onboard, can 
those stores be replenished during normal operations? 


No onboard energy storage (power is used as received) 


Energy can be stored onboard but cannot be replenished dur- 
ing normal operations 


Energy can be stored onboard and can be replenished during 
normal operations 


G7. Process Energy Efficiency. This factor is intended to be a 
quantitative measure of the amount of energy consumed in a single 
replication, possibly scaled to system mass, called the “energy effi- 
ciency” or more particularly the “specific energy for replication” (¢). 
For example, the synthesis of one (Microbe = 2.5 X 10°16 kg) E. coli 
cell from glucose may consume three times the microbe’s weight in 
glucose (4.2 x 10° umoles),??*? or Emicrobe = 1-2 x 10° J, giving an 
energy efficiency of Emicrobe = Emicrobe / Mmictobe = 4-8 X 10’ J/kg for 
replication. This is very good for an irreversible process, when com- 
pared to the range of ¢ ~ 10° J/kg (for practical nearly-reversible 
mill-style manufacturing processes; Nanosystems,°* Section 13.3.7.b) 
to € ~ 10° J/kg for chemical transformations envisioned for mo- 
lecular manufacturing (Nanosystems,”°® Section 13.3.7.b; 
Nanomedicine,* Section 6.5.6(B)). By contrast, the first-genera- 
tion Merkle-Freitas molecular assembler (Section 4.11.3.1) would 
be very energy inefficient, consuming Ey-p = 1.49-5.93 x 10° J to 
replicate one Myr = 3.90826 x 10°? kg device, a much poorer 
energy efficiency of yp ~ 0.38-1.5 x 101° J/kg for a single replica- 
tion. Note that in biological systems of mass M, replicator meta- 
bolic rate B (watts) ~ kine, M**4,2°4° hence the specific energy for 
replication scales as Eep ~ kmet + Trep * M14 (J/kg), where Trep is 
replication time and kmer is a proportionality constant. Since Trep 
~M'4 (Figure 5.6), then €;ep is independent of mass, at least for 
biological replicators. The possibility that different scaling laws might 
apply to molecular assemblers or nanofactories should be investi- 
gated further (Sections 5.2 and 5.9.5). 

Process energy efficiency can also be scaled to system informa- 
tion content. For example, following a related suggestion by C. Phoe- 
nix?’? we can define an alternative dimensionless measure of energy 
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efficiency (perhaps to be called the “replication informatic energy 
ratio” or €1) as the ratio of the amount of energy actually used to 
manufacture a replica to the kT entropic value of the information 
needed to describe the replicator. The most efficient possible 
replicator would have a ratio of ¢; = 1. Taking T = 300 K as the 
operating temperature, an E. coli requiring Imicrobe = 9.278442 x 
10° bits to describe (ignoring genomic redundancy; Table 5.1) has a 
replication informatic energy ratio of €) = Emicrobe / (KT In(2) - Imicrobe) 
= 4.5 x 10°. The Merkle-Freitas molecular assembler requires Ir 
~ 50.0 x 10° bits to describe (assuming data compression; Table 
5.1), yielding a replication informatic energy ratio of only €; = Exp 
/ (kT In(2) - Ing) = 1.0-4.1 x 10°, or 2-3 orders of magnitude less 
energy efficient than E. coli. Note that “replicators that are ineffi- 
cient in structure (e.g., [molecular assemblers or nanofactories] us- 
ing vast blocks of diamondoid) will also be inefficient by this mea- 
sure, since such non-complex structure will not require many bits 
to specify.”°/? 


Minimal amount of energy consumed to achieve one replica- 
tion (very efficient) 


Moderate amount of energy consumed to achieve one repli- 
cation 


Large amount of energy consumed to achieve one replication 
(very inefficient) 


G8. Replicative Energy Commitment. What percentage of to- 
tal processing energy is devoted to replicative activities? In biology, 
larger replicators generally use a lesser fraction of their total sys- 
temic energy for reproduction than do smaller replicators.?>4! 


Replicative processes consume substantially all of replicator 
process energy 


Replicative processes consume a moderate proportion of 
replicator process energy 


Replicative processes consume only a tiny proportion of 
replicator process energy 
H. Replicator Kinematics 
H1. Process Manipulation Autonomy. 


Parts/subunits moved by random thermal forces only 


Parts/subunits moved by external forces applied to the part/ 
subunit and directly controlled from outside the replicator 


Part/subunit motions selected and powered by internal mecha- 
nisms other than the part/subunit itself 


Parts/subunits moved by internal force applied by the part/ 
subunit itself (i.e., parts/subunits move themselves) 


H2. Process Manipulation Redundancy. As with G2, replicator 
reliability is enhanced with greater redundancy of onboard manipu- 
lator systems. 


Any onboard manipulator can, by itself, provide all process 
manipulation operations required to achieve replication 


Only a few onboard manipulators, each by itself, can provide 
all process manipulation operations required to achieve rep- 
lication 


No single onboard manipulator can provide all process ma- 
nipulation operations required to achieve replication (some/ 
all manipulators must contribute to achieve replication) 
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H3. Process Manipulation Centralization. 


No source of process manipulation (random thermal forces 
only) 


Single source of process manipulation 


Multiple sources of process manipulation 


Many/all subunits can provide process manipulation 


Many/all parts can provide process manipulation 


H4. Number of Manipulator Types. 


No onboard manipulators 


All onboard manipulators are of one type 


Onboard manipulators are of multiple types 


Each onboard manipulator is of a unique type 


H5. Replicator Manipulation Degrees of Freedom. 


No onboard manipulators 
1 DOF 

2 DOF 

3 DOF 

4 DOF 

5 DOF 

6 DOF 

>6 DOF 


Hyperredundant manipulators 


H6. Assembly Mechanism Style. At an operating frequency of 
~1 MHz, assembly of molecular-moiety building blocks onto a 
workpiece across 10-nm pathlengths dissipates ~0.001 pW using 
mill-type mechanisms and ~0.1 pW using manipulator-type mecha- 
nisms, though for 100-atom building blocks both device classes may 
dissipate ~0.001 pW per atom moved (Nanosystems,*®® Sections 
13.3.7.a and 13.4.1.f). Similarly, mill-type mechanisms appear to 
be at least an order of magnitude more productive per unit mass 
than manipulator-type mechanisms”°* — e.g., at ~1 MHz at 10-nm 
pathlengths, a typical 250,000-atom mill assembler could emplace 
~10° feedstock atoms/sec on a workpiece giving a productivity per 
unit mass (kg/sec per kg/assembler) of ~4 assemblers/sec, whereas a 
typical 5,000,000-atom manipulator assembler could emplace 5 x 
10° feedstock atoms/sec on a workpiece giving a productivity per 
unit mass of only ~0.1 assemblers/sec, a ratio of ~40:1 in relative 
productivity per unit mass. However, manipulator systems are far 
more versatile than mill systems (Section 5.9.6). This dimension 
may be generalized to describe, more broadly, programmable vs. 
hard-coded assembly actions. 


Mill-style assembly (high-frequency assembly of nanoscale 
components using repetitive operations on standard build- 
ing blocks) (aka. hard-coded assembly, e.g., enzymes) 


Mixed-style assembly (using both hard-coded and program- 
mable assembly systems, e.g., living cells) 


Manipulator-style assembly (lower-frequency assembly of 
nanoscale, mesoscale and larger components using program- 
mable operations on standard or nonstandard building blocks) 
(aka. programmable assembly, e.g., ribosomes) 


166 


H7. Positional Accuracy. The need for manipulator positional 
accuracy varies as a function of the building blocks being manipu- 
lated. High accuracy is required to manipulate small parts that re- 
quire precise alignment, whereas only low accuracy may be required 
for large parts designed to tolerate greater imprecision during as- 
sembly. This dimension could be quantified either as a relative mea- 
sure of positional accuracy as against parts dimensions, or else as an 
absolute measure of positional accuracy in nanometers, microns, 
millimeters, etc. For example, diamond mechanosynthesis on the 
C(110) diamond surface probably requires C2 dimer positional place- 
ment accuracies on the order of 0.2-0.5 A.7°74?55 See also E2, E8, 
E11, and F2. 


Manipulators used for positional assembly have high posi- 
tional accuracy 


Manipulators used for positional assembly have intermediate 
positional accuracy 


Manipulators used for positional assembly have low positional 
accuracy 


I. Replication Process 


11. Replicative Influence. Can the replicator influence the prob- 
ability that its own successful replication will occur? (Section 5.1.1) 


Replicator exerts no influence on the probability of its own 
replication 


Replicator exerts some influence on the probability of its 
own replication 


Replicator exerts maximum influence on the probability of 
its own replication 


12. Replicator Activity/Passivity. Does the replication process 
occur probabilistically (stochastically) or deterministically? For ex- 
ample, enzymes depend on random diffusion events, whereas mo- 
lecular mills and nanomanipulator arms operating in a vacuum en- 
vironment demand positionally-precise actively-controlled tool tips. 


Autocatalytic Assembly (replication occurs passively due to 
random forces; only end state is specified) 


Directed Self-Assembly (replication driven by random forces, 
but guided or limited by jigs or other purposely imposed 
constraints) 


Positional Assembly (replication driven actively by purpose- 
ful positionally-controlled actions; pathway to end state fully 
specified) 


13. Replicator Parasiticity. Viral or parasitic character of the 
device, defined along a continuum; alternatively, the number of “vi- 
tamin processes” (processes not accessible to the replicator inter- 
nally), ranging from no vitamin processes to all vitamin processes. 
Extreme specialization for replication in a single particular external 
environment allows a replicator to eliminate many otherwise essen- 
tial subsystems, thus making that replicator highly dependent on 
the chosen substrate and vulnerable to failure if the substrate is later 
altered in any way. Taking natural human endoparasites as an inter- 
esting biological analogy, Knutson?*”” notes that “when a parasitic 
creature takes up a serious parasitic lifestyle, it is likely to lose some 
important things. It loses its external skin (epidermis) because it has 
to be able to absorb food through its body surface. It loses most of 
its nervous system, just as creatures that live in the darkness of caves 
for thousands of generations are likely to lose their eyes. It loses its 
digestive system because all food is conveniently predigested by the 
host. And it may lose its capacity to move in favor of a capacity to 
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just hang on....Adult tapeworms exemplify the extreme losses suf- 
fered by parasites. Their bodies are almost totally dedicated to the 
development and use of their reproductive apparatus. They lack 
digestive systems, since they mostly absorb already digested food; 
they lack the sort of skin we assume is on the outside of all crea- 
tures, since they must soak up food through their surface. They 
don't have a serious nervous system or muscles. Rather than being a 
single organism, a tapeworm is more like a giant colony of parts, 
each capable of independent activity.” 

Interestingly, the U.S. Patent Office Manual, in sections pertain- 
ing to the rules for deposits of “biological materials” for patent pur- 
poses,?**? distinguishes nonparasitic and parasitic replicators: “Bio- 
logical material includes material that is capable of self-replication 
either directly or indirectly. Direct self-replication includes those situ- 
ations where the biological material reproduces by itself: Representa- 
tive examples include bacteria, fungi including yeast, algae, protozoa, 
eukaryotic cells, cell lines, hybridomas, plant tissue cells, lichens and 
seeds. Indirect self-replication is meant to include those situations 
where the biological material is only capable of replication when an- 
other self-replicating biological material is present. Self-replication 
after insertion in a host is one example of indirect self-replication. 
Examples of indirect replicating biological materials include viruses, 
phages, plasmids, symbionts, and replication defective cells.” 

“Replication processes” may include assembly or fabrication pro- 
cesses, where fabrication is the construction of parts and assembly 
is the rearrangement of parts. All kinematic replicators must engage 
in either fabrication or assembly activities, or possibly both. But 
not all replicators must engage in fabrication (e.g., when parts are 
externally provided, thus requiring only assembly activities) and not 
all replicators must engage in assembly (e.g., when the replicator 
has a unitary design (see D10) with no individual parts, thus re- 
quiring only fabrication activities). 


All replication processes performed by replicator only — in- 
cludes onboard all manufacturing machinery required for rep- 
lication (fully self-sufficient) 


Replication processes are performed jointly by replicator and 
external entities — includes onboard some but not all manu- 
facturing machinery required for replication 


All replication processes performed by external entities only 
— includes onboard none of the manufacturing machinery 
required for replication (fully parasitic) 


14. Replication Process Centralization. Are replication pro- 
cesses concentrated in a single entity or subsystem, or instead dis- 
tributed to multiple entities or subsystems? In highly decentralized 
replication, swarm construction?*“* may be used to build “com- 
plex, composable structures” as is demonstrated by termites and 
other social insects. See also D13. 


One robot or subunit (among many) performs all replication 
activities (e.g., a single “assembler” device) 


Multiple robots or subunits (among many) perform some/all 
replication activities (e.g., a two-subunit replicator composed 
of a “fabricator” subunit that synthesizes parts from molecu- 
lar feedstock, cooperating with an “assembler” subunit that 
assembles parts into working fabricator and assembler sub- 
units; Section 4.18) 


All robots or subunits perform some/all replication activities 
(e.g., a “swarm” or factory device) 


15. Replication Process Specialization. Mill-style assembly pro- 
cesses involve highly specialized and purely repetitive operations 
which produce standard building blocks, whereas manipulator- 
style assembly processes involve more generalized “programmable 
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operations that can stack these building blocks to make a wide vari- 
ety of products.”*”8 


Replication processes performed by general-purpose enti- 
ties, each of which is capable of performing all necessary 
processes 


Replication processes performed by narrow-purpose entities, 
each of which is capable of performing only some necessary 
processes 


Replication processes performed by highly specialized 
single-purpose entities, each of which is capable of perform- 
ing only one necessary process 


16. Replication Process Timing. When does the replicator rep- 
licate, and when does it do nonreplicative activities, during its 
life-cycle? 


Replicator undertakes replicative activities first, then under- 
takes nonreplicative activities (e.g., useful production) 


Replicator undertakes replicative and nonreplicative activi- 
ties at the same time, or in recurrent sequence 


Replicator undertakes nonreplicative activities (e.g., useful 
production) first, then undertakes replicative activities 


17. Replication Goal Specialization. Despite the well-known 
human preoccupation with sexual matters, human physiology de- 
votes surprisingly little mass directly to the organs of reproduction. 
Specifically, the 70,000 gm reference male body has only 40 gm of 
testes and ~60 gm of flaccid penis, totaling only ~0.14% of body 
mass. The nongravid 58,000 gm reference female body has 35 gm 
of uterus, 8 gm of ovaries, and perhaps ~50 gm of vagina, again 
only ~0.16% of total body mass (Nanomedicine,””® Table 8.9). In 
other words, >99.8% of human body mass does not directly ex- 
ecute organismic replicative processes. Human tissue cells are slightly 
more specialized to the goal of cell reproduction, with ~3.4% of 
tissue cell mass devoted to the nucleus (Nanomedicine,?8 Table 8.17). 
Functional proteomics”? indicates that Caenorhabditis elegans uses 
6% of its open reading frames to encode proteins required for cell 
division. 

Of course, Dawkins would argue that all of an organism’s mass 
executes replicative processes in one way or another, and that the 
above direct/indirect dichotomy is artificial. For example, during 
pregnancy a woman's body may raid itself for necessary minerals,”>*° 
hence the medically unsubstantiated?*”” old adage and myth that a 
woman loses “a tooth for every child”.?*8 (In reality, calcium to 
build fetal teeth, when in short supply from the maternal diet, is 
absorbed from the mother’s bones, not from her teeth.2>“? Although 
orthodontic tooth movements are slightly greater during preg- 
nancy,”°”” apparently there is no direct mechanism for the physi- 
ologic withdrawal of calcium from teeth as there is from bone, so a 
developing fetus cannot calcify at the expense of the mother’s 
teeth).”°>! But metabolic processes that withdraw nutrients are not 
unique to pregnancy and hence cannot logically be ascribed to rep- 
licative processes per se — the human body frequently raids its stores 
of specific nutrients (e.g., glucose, fat, iron, etc.) during times of 
physiological stress or unusually high demand. 


Replicator structure and function designed exclusively to ex- 
ecute replicative processes 


Replicator structure and function designed to execute both 
replicative and nonreplicative processes 


Replicator structure and function designed almost exclusively 
to execute non-replicative processes 
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18. Replication Process Subunit Assistance. At what point dur- 
ing its construction can a daughter replicator begin assisting in the 
construction of other replicators? See also F10. 


Only complete replicators can perform replication activities 
(discrete replication) 


Incomplete replicators can assist in replication activities 


Subunits of replicators can assist in replication activities 


Replicator parts can assist in replication activities (e.g., by 
serving as jigs) 


19. Replicator Parentage. How many replicators cooperate in 
the building of a daughter device? For example, Parham*’”” sug- 
gests 6-8 parent devices might be useful, though most proposals 
and most natural systems typically invoke only one or two active 


parental replicators. 


Each daughter is built by only one parent replicator in the 
local replicator population 


Each daughter is built by many parent replicators within the 
local replicator population 


Each daughter is built by all replicators in the local replicator 
population 


110. Replication Process Intermediaries. An example in biol- 
ogy is the life cycle of slime molds, in which many originally inde- 
pendent cells must come together to form the slug and then the 
fruiting body, which then make many spores which become inde- 
pendent cells.74!7 Using replicators to build a robot factory which 
then builds the original replicator was an early strategy first quanti- 
tatively explored by Freitas!°'’ in 1980. Sayama’ proposes enhanc- 
ing the robustness of self-replication processes “by introducing an 
additional subsystem that constructs a workplace prior to automa- 
ton construction.” (See also C8 above.) 


Replicator directly produces the daughter replicator device 


Replicator builds one intermediate device which then builds 
or helps build the daughter replicator device 


Replicator builds many intermediate devices which then build 
or help build the daughter replicator device 


Replicator builds a robot factory which then builds or helps 
build the daughter replicator device 


111. Replication Auxeticity. During the nineteenth century, the 
discovery that cells reproduce themselves by dividing into two illu- 
minated the origin of cells and became a cornerstone of the cell 
theory.”*°3>»° The fission replication model is the intermediate case 
between the extremes of a purely auxetic or factory replicator and a 
purely non-auxetic or unit replicator, a very important and funda- 
mental dimension in the replicator design space. Besides individual 
cells, some multicellular animals also reproduce by fission. For ex- 
ample, upon reaching a certain size a growing planarian pulls itself 
in two, after which the head grows a new tail and vice versa, result- 
ing in two smaller individual animals.°”? 


Auxetic Replication (replicator expands size of self (auxesis); 
all replicated components are incorporated into self; factory 
replicator; unit growth model) 


Sequential Semi-auxetic Replication (replicator incorporates 
replicated components into self, later fissions into two or 
more identical units; unit fission model) 


Non-auxetic Replication (unit replicator copies self at same 
size; all replicated components are incorporated into daugh- 
ter device(s); individual replicator; unit duplication model) 
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112. Self-Formation Modality. According to Janusonis,’°47°° 


in self-formation the interaction between the forming object and 
the chaotic medium (the environment or substrate) is controlled by 
the forming object’s structure, and the structure is changed by the 
interaction, with the primary object increasing in complexity. Three 
kinds of self-formation can be used in manufacturing: self-align- 
ment, development, and replication. 


Self-Alignment (the object interacts with a distinct sequence 
of chaotic media) 


Development (the object interacts with a single chaotic me- 
dium) 


Replication (the object generates primary objects) 


113. Replication Process Parallelicity. 


Serial Processing (only one process occurs at a time) 


Parallel Processing (multiple processes occur simultaneously) 


Massively Parallel Processing (most/all processes occur si- 
multaneously) 


114. Replication Process Digitality. Replication based on DNA 
complementarity is considered digital, whereas autocatalytic cycles 
are frequently processive (e.g., Section 5.1.4(2)). 


Digital Replication (replication proceeds through discontinu- 
ous series of distinct, discrete, or modular states) 


Replication proceeds via combination of digital and analog 
processes 


Analog Replication (replication proceeds through a continuum 
of closely-related states; processive; holistic) 


115. Replicator Parts Synthesis. Parts may be fabricated by ad- 
ditive processes, subtractive processes, or by other processes that 
alter the part without changing the quantity of physical material 
that is present. 


Parts Fabrication primarily via Additive Synthesis (e.g., bulk 
chemistry, EBID, additive mechanosynthesis (moiety deposi- 
tion), welding) 


Parts Fabrication employs both additive and subtractive 
synthesis 


Parts Fabrication primarily via Subtractive Synthesis (e.g., 
bulk chemistry, subtractive mechanosynthesis (moiety abstrac- 
tion), sacrificial lithography, sawing) 


Parts Fabrication employs neither additive nor subtractive 
synthesis (e.g., jig-based parts formation such as injection 
molding and die casting, and deformation processes such as 
bending, pressing, etc.) 


116. Number of Distinct Onboard Transformative Processes 
for Environmentally Available Parts. Edmonds” discusses the 
quantity and variety of transformative operation types in different 
classes of replicating systems. 


Replicator cannot perform any transformative processes on 
parts available in the substrate 


Replicator can perform only one transformative process on 
parts available in the substrate 


Replicator can perform many transformative processes on parts 
available in the substrate 


117. Ingestor Modality. Physical inputs might not need to cross 
the replicator boundary if all assembly processes take place external 


Kinematic Self-Replicating Machines 


to the replicator, or if the replicator begins operations with all raw 
materials already contained within its physical boundaries. 


Physical inputs enter the replicator continuously 


Physical inputs enter the replicator discretely through a gat- 
ing mechanism 


Physical inputs enter the replicator only once during the rep- 
lication cycle 


Physical inputs do not enter the boundary of the replicator 
118. Assembly Process Style. Drexler”°® notes that there are 
at least two different assembly styles. The first style he calls “con- 
struction-style assembly” in which many small devices are used 
to work on or in a large structure, analogous to constructing a 
building. Many assembly devices can work in parallel to build up 
a surface, and the use of larger building blocks can dramatically 
speed the rate of assembly. Construction-style products can be 
assembled in poorly controlled environments (i.e., solvent bath), 
“simplifying problems of heat and mass transport, and of envi- 
ronmental control....Alternatively, eutactic environments of al- 
most any desired size can be constructed by expanding a gas-tight 
barrier.”*°8 The second style Drexler calls “manufacturing-style 
assembly” in which parts and workpieces are manipulated and 
transported within larger mechanisms — for example, conver- 
gent assembly sequences (Section 5.9.4) “in which each structure 
is built from components within an order of magnitude or so of 
the structure’s own linear dimensions. The motion of components 


traces a tree in space: the trunk corresponds to the path traced by 
the final workpiece as the final components are assembled, the 
branches correspond to the paths traced by those components as 
they are assembled, and so forth. Convergent assembly can be 
distributed in space in a manner that (1) provides an assembly 
volume proportional in size to the workpiece at each stage, and 
(2) requires only short-range transportation of parts between 


stages.”*08 


Construction-style Assembly (many small assembly devices 
work in/on a large product structure) 


Hybrid-style Assembly (small subproduct structures are as- 
sembled inside a single factory device, then have further work 
performed upon them by many smaller assembly devices; or 
alternatively, small parts are manufactured by small fabrica- 
tion devices, then convergently assembled inside a large as- 
sembly device) 


Manufacturing-style Assembly (many small subproduct struc- 
tures are worked on inside/upon a large assembly device) 


119. Network Connectivity. 


Replicator is connected to the internet or other external com- 
munications network 


Replicator has intermittent or conditional network connec- 
tivity 


Replicator has no network connectivity 


120. Audit Trails. Does the replicator log important events (e.g., 
replication) and register any new replicator it makes with some ex- 
ternal agency? Crude analogs in biology are the homeostatic copy 
number control systems found in plasmids (Section 4.3.5). 


Replicator maintains comprehensive audit trails 


Replicator maintains selective audit trails 


Replicator maintains no audit trails 
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121. Process Accounting. Does the replicator require payment 
of appropriate fees (or analogous transactions) when an item is 
manufactured (e.g., does it have Digital Rights Management 
(DRM)** capabilities)? 


Replicator has full DRM capabilities 


Replicator has limited DRM capabilities 


Replicator has no DRM capabilities 


122. Process Security. Does the replicator have effective limits 
on what it will manufacture? Most importantly, will the replicator 
only accept and manufacture blueprints that have been digitally 
signed by some external agency? Or will it manufacture any blue- 
print you care to download (including illegal drugs, weapons, etc.)? 


Replicator has internal limits on what it will manufacture 


Replicator has no internal limits on what it will manufacture 


123. Tamper Resistance. Will the replicator resist attempts to 
physically subvert its security? Does it possess active means (e.g., 
thermite to insure self-destruction if attacked) to prevent physical 
subversion of its capabilities? Valuable commercial programs com- 
monly employ either primarily hardware-based locks, such as dongles, 
or primarily software-based locks, such as authorization codes, to 
prevent unauthorized usage. (Most hardware-based tamper resistant 
systems include some software, and vice versa; the issue here is the 
relative emphasis.) Consider a replicator design which incorporates, 
say, three major independent architectural means of preventing un- 
wanted replication (e.g., encrypted instruction sets, rare nutrients 
and broadcast power) along with a nonevolvable design. For such a 
system, notes Yudkowsky,”*** “by far the most probable source of 
serious problems is human abuse, not a point mutation that some- 
how gets past all three barriers. If a design is resistant to corruption 
by the space of attacks employed by a human cracker, it will prob- 
ably be resistant to the space of probable point mutations.” 


Replicator has both hardware- and software-based tamper 
resistance 


Replicator has either hardware- or software-based tamper re- 
sistance 


Replicator has no tamper resistance 


124. Reliability of Manufacturing Operations. The normal 
functioning of the ribosome produces one manufacturing error in 
1,000 to 10,000 operations, which limits the size of modules that 
can be made without some form of error correction mechanism. 
(Section 4.2; see also L4 “Replication Fidelity”). Errors in fabri- 
cated parts are of reduced concern if the parts are to be used in an 
error-tolerant application or in a noncritical location of a compo- 
nent. For instance, a protein with 1-2 randomly misplaced residues 
will probably still fold correctly, and some nanomachine parts may 
work correctly with 1-2 random atoms out of place; but 1-2 mis- 
placed residues in the active site of an enzyme can seriously degrade 
activity, and 1-2 misplaced atoms at a sliding interface or in a bind- 
ing site could utterly ruin the performance of nanomachinery. 


Manufacturing is of low reliability, allowing the fabrication 
and assembly of only simple parts and active subunits 


Manufacturing is of moderate reliability, allowing the fabri- 
cation and assembly of moderately complex parts and active 
subunits 


Manufacturing is of high reliability, allowing the fabrication 
and assembly of very complex parts and active subunits 
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125. Error Correction Mechanisms. Does the replicator include 
onboard error correction mechanisms (regardless of whether instruc- 
tions are stored onboard)? 


Replicator possesses onboard error correction mechanisms 


Replicator possesses no onboard error correction mechanisms 


126. Offspring Separability. Do offspring physically separate 
from their siblings after they are produced? Lohn and Reggia®”! cite 
the ability of distinct copies eventually to separate, after being ini- 
tially adjacent, as a criterion for self-replication in the context of 
cellular-automata-specific replication. This factor is related to the 
multicellularity dimension F1. 


Offspring remain physically attached to siblings indefinitely 
after birth 


Offspring remain physically attached to siblings for some 
period of time after birth, but eventually separate after the 
elapse of some period of time, or the occurrence of specific 
events 


Offspring separate from siblings immediately after birth 


J. Replicator Performance 


J1. Replication Time. Time required to produce one genera- 
tion of daughter devices; generation time. 


Nanosec 1079-10" sec 


Microsec 10°°-10° sec 


Millisec 10-1 sec 
Sec/Min 1-10? sec 
Hrs/Days 103-10° sec 
Wks/Months 10°-108 sec 


Yrs/Longer >10® sec 


J2. Replicator Longevity. Mean time to failure of the parental 
replicator device. In living organisms, a gene-based biological clock 
related to telomeres*”” apparently plays an important role in es- 
tablishing upper limits to the longevity of individual replicators 
(organisms). 


Nanosec 10°9-10° sec or less 


Microsec 10°°-107 sec 


Millisec 10-1 sec 
Sec/Min 1-10? sec 
Hrs/Days 103-10° sec 
Wks/Months 10°-108 sec 


Yrs/Longer >10° sec 


J3. Replicator Expiration Date. Providing an expiration date, or 
a fixed duration of time tallied on an internal counter, after which the 
replicative function will be permanently disabled””!”°? can contrib- 
ute to public safety (Section 5.11). For example, the fictional robots 
manufactured in the robot factories of Capek’s R.U.R.°”” were designed 
to die after 20 years. In the absence of a clock, a simple pulse counter 
or copy counter would serve a similar function — after registering 
some fixed number of input pulses or replication cycles, the counter 
would automatically sever the power transmission line. But note that 
most broadcast-architecture replicators need not contain a clock or 
counter. If all onboard functions are externally powered and controlled, 
the addition of an onboard stop clock would be a superfluous safety 
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measure, and the replicator could be sent commands to permanently 
disable itself at any time. 


Replicator includes onboard copy counter, pulse counter, or 
clock used to automatically and permanently disable replica- 
tive capacity 


Replicator includes no onboard expiration date 


J4. Generational and Gestational Fecundity. This is the num- 
ber of daughters per generation, or per “litter”. In biology, in the 
case of extended-maturation or birth-immature replicators (Section 
5.9.1), “generation time” customarily refers to the time required for 
maturation of an immature replicator — the time required to 
progress from fertilized egg to adult reproductive maturity — whereas 
“gestation time” refers to the time required to progress only from 
fertilized egg to live birth. Note that these replicators tend also to 
have a relatively small number of litters during a relatively short 
period of fertility (typically 30 years for human females) so that the 
number of offspring per generation is not significantly different from 
the number of offspring per parent (or breeding pair). 

In the case of birth-mature replicators (Section 5.9.2), genera- 
tion time and gestation time are synonymous because there is no 
post-birth maturation period required. Most proposed artificial 
replicators, particularly non-auxetic replicators (see 111), and many 
simple biological replicators such as viruses, bacteria, and other 
single-celled replicators that follow the eukaryotic cell cycle (Sec- 
tion 4.3.6), are birth-mature replicators whose generation time and 
gestation time are equivalent, and may be termed the “replication 
time.” Generational fecundity is distinguished from total number 
of daughter devices per parent device primarily in the case of 
replicators with unlimited replicative lifespans, wherein generational 
fecundity can be unlimited (e.g., in immortal cell lines). 

In biology, smaller animals generally produce more offspring.”8 
Across the animal kingdom, birth rate falls steadily with increasing 
food requirements; energy use is closely linked to size, so bigger 
animals have fewer offspring.”>*? This appeared not to hold for 
humans, since a 100-kg female gorilla typically has 3-6 offspring 
while the average North American woman weighs considerably less 
but will have <2 babies.”*°? But Moses and Brown” found that 
human birth rates fit the pattern perfectly on the basis of total en- 
ergy consumption rather than body mass, since the average North 
American consumes ~11,000 watts including food, transport, heat- 
ing, entertainment and so on — which would be roughly equiva- 
lent to the metabolism of a hypothetical elephant-sized 30,000-kg 
primate. A further comparison**™ of contemporary birth rates and 
energy use in >100 countries and a review of U.S. fertility and en- 
ergy consumption over the last 150 years confirmed that fertility 
declines steadily as energy consumption increases. 


One daughter device produced per replication cycle (gesta- 
tional or generational) 


Many daughter devices produced per replication cycle (ges- 
tational or generational) 


J5. Generational Longevity. Refers to the longevity of the line 
of replicators — that is, can the line of offspring potentially be un- 
limited? Establishing limits to the maximum number of genera- 
tions or replication cycles! might enhance public safety of artifi- 
cial replicators (Section 5.11; see also J3), as already incorporated 
in biology for other purposes (e.g., telomeres*”’’ and meno- 
pause” ©) In the field of cellular automata, Moore?” required that 
an entity be capable of causing arbitrarily many offspring in order 
to be considered “self-reproducing”, and Lohn and Reggia*”! also 
require unbounded growth potential for reproducers in their defi- 
nition. Of course, restrictions on the total number of generations 
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does not provide a logically complete safeguard against runaway 
replication unless generational fecundity is also restricted, and vice 
versa. Meszena and Szathmary”®”’ employ a similar measure, called 
“lifetime reproductive ratio,” which is defined as the expected num- 
ber of offspring of a single replicator during its entire lifespan. 


No daughters are produced during replicator lifetime (e.g., 
auxetic replication only) 


One generation of daughters are produced during replicator 
lifetime 


Many generations of daughters are produced during replicator 
lifetime 


Unlimited number of generations of daughters may be pro- 
duced during replicator lifetime (e.g., immortal cell lines) 


J6. Nonreplicator Product Types. Von Neumann originally ex- 
amined “universal constructors” having the ability to build any de- 
sign that the instruction tape (genotype) can specify (e.g., automa- 
ton “D” mentioned in Section 2.1.1). Cellular automata have been 
devised that can both self-replicate and construct arbitrary non-self 
patterns‘? in keeping with von Neumann's original conceptions. 
However, commercially useful primitive limited-purpose replicators 
do not need this universality and will be both easier to build and 
safer to operate if they lack this broad capability. Replication- 
incompetent viruses have been employed to genetically transform 
biological cells*°® and in genetic therapies in medicine.” As our 
ability to design more general purpose molecular assemblers and 
nanofactories grows, additional safeguards must be added to these 
increasingly valuable systems to maintain their status as “inherently 
safe” (Section 5.11). 


Replicator can make no nonreplicator products 


Replicator can make a small number of nonreplicator product 
types 
Replicator can make a large number of nonreplicator product 
types 


J7. Qualitative/Quantitative Closure. Measures the ability of 
the replicator to gain access to all resources needed for replication 
(Freitas and Gilbreath,” Section 5.3.6 and Figure 5.22) and to avoid 
“production bottlenecks”.!!8 (See Section 5.6.) Friedman! notes 
that replication with only partial closure (C) still allows the achieve- 
ment of quite appreciable production amplications A = 1 / (1—C), 
(e.g., A = 10-fold amplication for C = 90%), “which is quite valu- 
able for reasonably attainable closures of 90% or more.” 

One safety concern first raised by Drexler’? is the possibility that 
a microscale manufacturing system, once having been engineered to 
gather resources from natural environments, could, if not controlled, 
convert biomass on a large scale into a “gray goo” of identical 
replicators, a process which has more formally been termed “biovorous 
ecophagy”.??” In 2004 Drexler*!°° employed the somewhat opaque 
term “autoproductive” to describe engineered systems that are capable 
of self-replication but which entirely lack one or more key 
functionalities for safety reasons — that is, they possess low or 0% 
closure (Section 5.6) in some important design dimension(s), hence 
cannot replicate without outside assistance. In the case of replication 
control autonomy (A1), since at least the 1980 NASA study” (Sec- 
tion 3.13) such manufacturing systems have been widely known more 
descriptively as “teleoperated replicators” (Section 3.13.2), and since 
the early 1990s this mode of remote control has also been widely 
known as the “broadcast architecture” (Section 4.11.3.3). One could 
similarly arrange for 0% parts closure (E4) (aka. the “vitamin archi- 
tecture”), 0% process energy closure (G1), 0% process manipulation 
closure (H1), and so forth. As Drexler®!"° reiterates: 
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A set of blacksmith’ tools can be used by a blacksmith to make a dupli- 
cate set. By themselves, the tools are inert, but with a careful input of 
skill and muscle they can be used to produce duplicates of themselves. 
Such a system, which can be replicated but only with substantial out- 
side help, can be called ‘autoproductive’ to distinguish it from a 
self-replicating or self-reproducing system. A sufficient condition for the 
safe use of exponential manufacturing is to use only systems that are 
autoproductive, but are missing functionality that could make them 
self-replicating. 

Drexler’s choice of the term “autoproductive” was particularly 
unfortunate because the customary meaning of “auto-” is “self-” or 
“self-causing,” yielding the exact opposite of the meaning intended 
for the neologism. A more precise term might have been 
“auxilioproductive,” from the two Latin roots meaning, literally, 
“needing assistance for production.” 


% of own subunits that replicator 0% 90% 100% 
can assemble 

% of own parts that replicator can 0% 90% 100% 
fabricate 

% of own parts materials that 0% 90% 100% 
replicator can extract 

% of own components that replicator 0% 90% 100% 
can transport 

% of own components that replicator 0% 90% 100% 
can inspect 

% of own components that replicator 0% 90% 100% 
can warehouse 

% of own components that replicator 0% 90% 100% 
can repair 

% of own components that replicator 0% 90% 100% 
can control 

% of own components that replicator 0% 90% 100% 


can energize 


J8. Emission of Waste Products. How much physical waste ma- 
terial does the replicator produce, either during replication or during 
non-self product manufacturing? The Merkle-Freitas assembler (Sec- 
tion 4.11.3) is the first zero-emissions bottom-up replicator ever pro- 
posed — its only effluent is more of its own exterior working fluid — 
whereas, for example, the Sayama “workplace construction” model®? 
assumes production of garbage (used workplaces are discarded after 
self-replication). Some designs may allow temporary sequestration of 
waste products in onboard caches, which products are then discharged 
unprocessed as wastes at a time and place well-removed from the time 
and place where replication or manufacturing takes place. Other de- 
signs may provide for internal reprocessing of “wastes” into “prod- 
ucts” possessing alternative utility. Zero waste is possible if the replicator 
uses all inputs in the construction of product. Of course, even in an 
efficient design some waste heat is inevitable. 


Replicator produces mostly waste products 


Replicator produces some waste products 


Replicator produces zero waste products 


K. Product Structure 
K1. Product Physicality. See C1 and D1. 


Physical Product 


Kinematic-Cell Product 


Virtual Product 
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K2. Product Naturalicity. 


Wet/Natural (natural, biological, organic, purely bio- 
chemical) 


Hybrid Wet-Dry or “other” 


Dry/Artificial (artificial, nonbiological, mechanical, purely 
chemical) 


K3. Product Technology Level or Granularity. This dimen- 
sion describes the product feature size, not the overall product size 
(see K5). 


Subatomic (“femtotechnology”?)?°0> 2567 


Atomic/Molecular: Nanotechnology (nanoscale) 


Microscale: MEMS (microns) 


Macroscale: 20th century industrial (mm to meters) 


Megascale: Large space systems (km, megameters, etc.) 


K4. Product Physical Dimensionality. While it is true that 
any physical product must have three spatial dimensions, this fac- 
tor pertains to the number of active or important dimensions. 
Quantum dots are effectively 0-D products; strands of DNA and 
many other polymers are effectively 1-D products; and the sur- 
faces of lithographically produced computer chips are effectively 
2-D products. 


0-D (pointlike) 
1-D (Linear) 
2-D (planar) 


3-D (volumetric) 


K5. Product Scale. 


Subatomic (<0.1 nm) 


Nanoscale (0.1-300 nm) 


Microscale (0.3-1000 microns) 


Macroscale (1 mm -10 m) 


Megascale (>10 m) 


K6. Product Mass. 


Subatomic (<10°*° kg) 


Nanoscale (1079-10716 kg) 


Microscale (10°1°-10°° kg) 


Macroscale (10°°-10° kg) 


Megascale (>10° kg) 


K7. Product Structural Fixity. 


Internal components occupy fixed relative structural posi- 
tions within product boundary 


Internal components occupy constrained relative structural po- 
sitions, but have some freedom of movement relative to each 
other within product boundary 


Internal components occupy no fixed relative structural po- 
sitions, and are free to move relative to each other within 
product boundary 


Internal components not constrained to remain within prod- 
uct boundary 
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K8. Product Particity. Is the product composed of discrete parts? 


Product is built as a solid block of material without any dis- 
crete parts 


Product is composed of parts which are all of the same size 
or type 


Product is composed of a convergent sequence of progres- 
sively larger parts of uniform sizes and types 


Product is composed of a mixture of parts types of various 
sizes 


K9. Product Structural Error Rate. What percentage of the 
product mass is incorrectly manufactured? One possible metric 
would be the percentage of mispositioned or mis-selected atoms in 
the product structure. However, this description is limited to parts 
with hard-edged error criteria. Some replicators may require parts 
to be judged on tolerance, not on placement error of atoms. 


Product has zero or negligible error in its manufacture 


Product has small or modest error in its manufacture 


Product has significant error in its manufacture 


L. Evolvability 

Note that evolvability°°”” (see also Sections 2.1.5 and 5.2) is 
an undesirable characteristic for artificial replicating systems intended 
to serve as molecular manufacturing systems (Section 5.11). An im- 
portant key to suppressing evolvability and the “evolution of diver- 
sity””*’! is to suppress variability — that is, to avoid multigendered 
systems and to ensure strict replication fidelity. A digital asexual re- 
productive system, one that only produces the same design genera- 
tion after generation, can be employed to avoid evolvability. 
Evolvability must be actively avoided because evolvable hardware, if 
allowed to progress unchecked, is likely to develop capabilities faster 
than “centrally-planned machinery,” a temptation that runs counter 
to our desire for strong public safety (Section 5.11). 

Smith,?°72 following Eigen and Schuster, !°% defined three cri- 
teria sufficient to consider replicators as “units of evolution”: (1) 
multiplication (replicators give rise to more of the same kind); (2) 
heredity (like entities produce like offspring); and (3) variability 
(inexact heredity). Objects of different types having a hereditary 
difference in fecundity or survival produce evolution in the replicator 
population via natural selection. But without variability, the 
replicators are merely “units of selection”, and evolution by natural 
selection cannot occur. Still, we must be cautious. C. Phoenix®”” 
notes that “even a limited feature set is still susceptible to what one 
might call physical mutation. For example, a construction error ina 
robot arm might cause arms that it builds to be more likely to have 
the same error, even with an unchanged blueprint.” Similarly, 
Yudkowsky”*” asks: “An important question is whether the replicator 
design allows for the equivalent of ‘prion’ disorders — that is, a 
‘self-replicating’ protein misfold that propagates without the need 
for mutated DNA. For example, suppose that a certain manufac- 
turing defect within a lever arm does not break the lever arm, but 
reliably results in the same defect being present in any lever arms 
manufactured with the assistance of the first lever arm. There would 
then be heritable information between replicators of a type that 
bypasses the manufacturing instruction streams.” 

More broadly, Yudkowsk 452 notes that whether a given design 
space is evolvable may depend on the probability distribution for 
mutations, and whether there exists any probable mutation that 
leaps to a different viable point in the design space: “Has the 
replicator design been audited to ensure nonevolvability relative to 
a possible space of probable point mutations?” 
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L1. Gendericity. The implications of gender in artificial 
self-replicating machines have only been lightly addressed, even in 
the realm of cellular automata.?*”? As Merkle??”4 noted in 1989: 
“In nature, self-replicating systems evolve. A major mechanism sup- 
porting this evolution is sex. Even bacteria have sex of a sort (they 
exchange DNA quite promiscuously). This is a critical component 
in the ability to evolve. I would therefore suggest that we not in- 
clude sex in artificially designed self-replicating systems. If there are 
legitimate research needs for exploring these options, they should 
be done under tight constraints and should be approached with a 


great deal of caution.” Vitanyi?”? 


suggests that a transition from 
asexual to sexual reproduction is necessary to produce a change in 
the number and structure of the genetic tapes employed by an or- 
ganism. A variety of interesting replication-control mechanisms for 
gendered replicators have been (instructively) explored by nature, 
as for instance the abortive karyogamy employed by Wolbachia,?” 
an endosymbiont rickettsial bacterial species thought to infect the 


reproductive tissues of up to 20% of all insect species.”>”° 


Non-gendered (no data set used during replication) 


Mono-gender (1 viable complete data set used during repli- 
cation) 


Fractional-gender (1 viable complete data set commingled 
with nonlethal data subsets, selected randomly or purposely 
during replication) 


Bi-gender (2 viable complete data sets commingled during 
replication) 


Multi-gender (many viable complete data sets commingled 
during replication) 


L2. Offspring Fertility. Can replicator offspring (i.e., daughter 
devices) produce further copies of themselves? The “fertility test.” 


Replicator offspring are never fertile (e.g., replicator pro- 
duces only “mule” versions) 


Replicator offspring are fertile only under specific conditions 
or in special circumstances 


Replicator offspring are always fertile 


L3. Number of Fertile Mutant Configurations (aka. “hered- 
ity’). Szathmary**'® notes that autocatalytic replication in the 
formose system”*!? “is entirely non-informational, there are no he- 
reditary variants.” On the other hand, in animal breeding there are 
a vast number of fertile configurations, allowing breeders to explore 
a large contiguous phenotypic space — for example, as Mark Tilden 
notes: “The dog is all the things you can do with a wolf.” (Anec- 
dotal evidence claims an increasing incidence of natural births of 
elephants lacking tusks”>”” and (less likely) of rattlesnakes lacking 
rattles,*?’® in response to human predation, and the acquired resis- 
tance of bacteria to antibiotics is well-known,?”” though species 
already at their environmental limits may not be able to adapt to 
further change).”°8° 

In self-replicating robots, a checksum function embedded in the 
replication program could affirmatively prevent replication of mu- 
tant configurations.*”*! (In effect, the checksum serves as an activa- 
tion key: if the key is incorrect all further construction is halted, or 
else the system tags itself for disposal or even self-destructs.) An 
example of active replication data self-policing is found in nature: 
Tetrahymena, a single-celled eukaryote, deletes up to 15% of its so- 
matic nuclear DNA during each replication cycle in a process called 
“programmed DNA deletion” that can recognize and delete foreign 
genes that have invaded a chromosome.” This property of 


replicators is also known as brittleness or “canalization”.*4°'??°? Ie 
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has recently been proposed that an electronic self-test for base pair 
mutations may occur naturally in DNA that is functionally equiva- 
lent to checksum correction.?”*4 


Only 1 configuration is fertile; high precision development 


A few closely-related mutant configurations are fertile 


Many moderately-altered mutant configurations are fertile 


Vast number of significantly different mutant configurations 
are fertile; high tolerance for imprecision 


From a pragmatic engineering perspective, it is desirable that 
small shifts within the design space reliably result in nonviable de- 
signs. Notes Yudkowsky.”“” “All evolved organisms are very highly 
evolvable by virtue of having evolved. A consciously executed hu- 
man design tends to leap large areas of design space and contain 
precise patterns that break easily. Even when minor (probable, point) 
shifts in the design permit a functionally similar result, the large-scale 
architecture may still be fragile enough to constrain the design to a 
particular volume of the design space.” Natural biological replicators 
and artificial replicators designed using evolutionary algorithms are 
the result of a design process that optimizes by climbing along an 
incremental pathway composed of exactly the kind of probable point 
mutations that would be likely to occur in a replicator design that 
we would prefer to hold constant. Artificial replicators designed using 
nonevolutionary algorithms are produced by a series of cognitive 
manipulations that differ fundamentally from the types of point 
mutations that would be produced by random physical errors, and 
random physically induced errors in these machines would be un- 
likely to leap to viable points, let alone to superior points, in the 
design space. 


L4. Replication Fidelity. How faithful is the copy to the origi- 
nal? Luksha”>** considers the similarity between a producer and 
what is produced to be a key property of self-reproduction as a gen- 
eral phenomenon. He refers to this dimension as the “parent-prog- 
eny relationship” and suggests three classes of self-reproduction in- 
cluding “exact replication,” “near replication of an ancestor,” and 
“near replication of a parent.” This design factor may be captured 
by the following unidimensional vector: 


Daughter replicators are exact physical duplicates of parent 
device, to molecular precision 


Daughter replicators have minor physical differences from 
parent device; “difference between each new copy and the 
original system must be minimal”?388 


Daughter replicators “imitate the original system, with pos- 
sible reversible mutations”2388 


Daughter replicators “must have resemblance with its par- 
ent, but not necessarily with all its ancestors (and thus this 
is a process of irreversible mutations)’?*%* 


Daughter replicators may have major physical differences from 
parent device 


In a personal correspondence, Luksha!”® clarifies this analysis 
by using a two-dimensional grid in which the horizontal axis rep- 
resents replication fidelity relative to the original replicator and 
the vertical axis represents replication fidelity to the replicator’s 
immediate ancestor. To quantify fidelity, Luksha introduces a quali- 
tative difference function d(a,b) between an earlier replicator sys- 
tem a and a descendent replicator system 6, which is a measure of 
the distance between the two points a and 6 in a space of rel- 
evant replicator characteristics (e.g., using two such characteris- 
tics x and y, then d(a,6) = {(x, - xj)? + (Ya —- yo) }), Luksha 
then considers replicator system s, produced by its immediate 
ancestor $,-1 in generation t, and also some initial system so which 
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starts the reproduction of the given type of systems, where dis- 
tance D is a level of acceptable variation (e.g., see Eigen et al*>85 
for similar measures of this kind used in pre-biotic models). This 
yields the following two-dimensional classification scheme: 


v'y = d(So, St) 


D=viy>0 


vo =0 vo >D 


vis d(St-1, St) vi=0 exact replica of 


the original 


exact replica of the parent [A] 


D=v'>0 “reversal” exact 
replica of the 
original [B] 


near replica 
of the original 


near replica 
of the parent 


it 


v>D not a self-reproduction (production of other system) 


Two cases are only theoretically possible. In case [A], the system 
has evolved from the original state to some “attractor” state which is 
reproduced “exactly”. “Theoretically, this is a possible case; how- 
ever, its mechanics are not clear if non-trivial self-replication is con- 
sidered: a system must conserve its copying to a given structure, but 
since it has evolved to this structure it has potential for further evo- 
lution.” Case [B] is another theoretically possible situation where “a 
system which has evolutionarily ‘departed’ from a given system oc- 
casionally returns to this system.” 

The effects of copy error on the time evolution®*” and sur- 
vival”>®” of simple self-replicating systems have been analyzed by 
others. Note also that the exact physical duplication at the quan- 
tum level is evidently impossible.?”° 
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L5. Genomic Redundancy. Greater genomic redundancy is be- 
lieved to contribute to increased evolvability of a replicator*?*’ — 
“populations of robots with larger genotypes achieve systematically 
higher fitness than populations whose genotypes are smaller.” Note 
that this will not be a consideration in regard to replicators with 
external non-replicated genomes, such as broadcast-architecture 
replicators. 


Replicators have small, compact internally-stored descrip- 
tion, hence minimal genomic redundancy and relatively lower 
evolvability 


Replicators have large, repetitive internally-stored descrip- 
tion, hence maximal genomic redundancy and relatively higher 
evolvability 


L6. Environmental Partitioning. Computational studies by 
Birol et al>® show that partitioning of the replicator-accessible en- 
vironment into two or more homogeneous subenvironments “leads 
to emergence phenomena exemplified by steady states not obtain- 
able in the equivalent homogeneous system. The coupled environ- 
ments can host species that would not survive should the coupling 
be removed. Two coupled environments may have regions in pa- 
rameter space that result in chaotic behavior, hence segregation in 
the environment causes complexity in the system dynamics.” Hence 
environmental partitioning may result in greater evolvability (among 
those classes of replicators capable of mutation), and thus should be 
avoided when designing stable manufacturing systems. For 
replicators inherently incapable of mutation, environmental parti- 
tioning is not of concern. 


Replicators have access only to a single homogenous envi- 
ronment as they replicate 


Replicators have access to two coupled homogenous envi- 
ronments as they replicate 


Replicators have access to multiple homogenous environments 
(i.e., a heterogeneous environment) as they replicate 
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L7. Complexification. “Over the course of biological evolu- 
tion, new genes are occasionally added to genomes, increasing the 
complexity of the phenotype. Complexification has led to major 
innovations in body-plan organization.””4°! Implementing a mecha- 
nism for handling variable length genomes would enable replicator 
complexification, thus enhancing evolvability in artificial replicators. 
This should be avoided in “safe replicator” designs. Complexification 
also is more likely to occur if information caches, parts, or subunits 
serve multiple unrelated functions (e.g., B12, E9, F7). 


New instructions can be added to the replicative instruction 
set 


New instructions cannot be added to the replicative instruc- 
tion set; fixed-size genomes 


L8. Heterochrony. Changes in the timing or ordering of devel- 
opmental events over generations of replicators is called hetero- 
chrony.”4°!9°° Tn natural (biological) embryogeny, the path to the 
final product is surprisingly flexible — entire phases of develop- 
ment can be eliminated without sacrificing the end result. “For ex- 
ample, many frog species have evolved away their tadpole stage, yet 
still grow into mature, sexually functioning frogs.*??! Their limb 
buds develop early, and a little frog, rather than a tadpole, ulti- 
mately emerges from the egg. Contrariwise, the Mexican axolotl, a 
salamander, has lost its adult stage, and develops mature gonads as a 
tadpolelike creature.**”* Their development of gonads has been 
greatly accelerated so that they become sexually functional as tad- 
poles. This dramatic flexibility in development suggests that sig- 
nificant modularity underlies the genetic encoding. Because the tim- 
ing of the development of different modules is so flexible, muta- 
tions can safely modify timing, allowing evolution to explore a vari- 
ety of developmental plans. Heterochrony allows developing com- 
ponents to come into contact with different components, so that 
evolution can explore many points of synthesis between 
components....In addition, heterochrony increases the number of 
successful genotypes by offering a variety of paths to each successful 
phenotype... Like Cartesian coordinates being used in lieu of chemi- 
cal gradients, time itself can be used to regulate genes. Since time is 
directly available, it can be exploited as a ‘growth hormone’ that 
explicitly activates and terminates events in embryogeny.””“"! Simi- 
larly, the JohnnyVon replicator simulation (Section 2.2.2) includes a 
single entity that switches roles over time, changing from genotypic 
replication in its youth to phenotypic production in its maturity. 


Replicator displays heterochrony; may implement mechanisms 
of timing such as counters, parameters in L-systems, or dy- 
namic regulatory networks. 


Replicator does not display heterochrony; includes no mecha- 
nisms for changing the timing of events; inflexible devel- 
opment. 


L9. Programmability and Learning. Can the replicator respond 
to, or learn from, the environment, a key component to evolvability? 
The incorporation of information storage and feedback mechanisms 
in supramolecular prebiotic assemblies has been called “crossing the 
Darwinian threshold,” a key step in the origin of life.!72° A replicator 
that can be reprogrammed is a simple example of learning from the 
environment. Safety is reduced when replicators are increasingly able 
to gather information from more diverse sources in the environment. 


Replicator gathers no information 


Replicator can be reprogrammed with specific data 


Replicator stores information gathered from non-programmed 
environmental conditions (senses) 
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L10. Mode of Genomic Heritability. The manner in which 
self-descriptive information is passed on to offspring determines the 
modes of evolution that are possible. How, and in what manner, 
can replicators pass along random-access information to progeny? 
Safety is reduced when replicators can pass along more versatile 
memory stores to their offspring. 


Replicator passes on no explicit genome to offspring, en- 
abling only environmentally responsiveless random variation 


Replicator passes on read-only memory (ROM), without varia- 
tion (no error or mutation), to offspring 


Replicator passes on read-only memory (ROM), possibly with 
variation (allowing error or mutation), to offspring, enabling 
Darwinian evolution 


Replicator passes on rewritable memory (RAM, or random-ac- 
cess memory) to offspring, enabling Lamarckian evolution 


L11. Multilevel Genomic Heritability. Is genomic information 
heritable only from the level of the whole replicator, or can indi- 
vidual subunits within the replicator pass on heritable information 
independently of the whole? In regard to metazoan evolution, 
Hoenigsberg””? notes: “The distinction between heritability at the 
level of the cell lineage and at the level of the individual is crucial. 
While all out reproduction is the Darwinian measure of success among 
unicellular organisms, a high replication rate of cell lineages within 
the organism may be deleterious to the individual as a functional 
unit. If a harmoniously functioning unit is to evolve, mechanisms 
must have evolved whereby variants that increase their own replica- 
tion rate by failing to accept their own somatic duties are controlled. 
Modifiers of conflict that control cell lineages with conflicting genes 
and new mutant replication rates that deviate from their somatic 
duties had to evolve. The metazoan embryo is not immune to this 
conflict especially with the evolution of set-aside cells and other modes 
of self-policing modifiers.2°™4 In fact, the conflict between the two 
selection processes permitted a Lamarckian soma-to-germline feed- 
back loop. This new element in metazoan ontogeny became the 
evolvability of the vertebrate adaptive immune system and life as we 
know it now. We offer the hypothesis that metazoan evolution solved 
this ancient conflict by evolving an immunogenetic mechanism that 
responds with rapid Lamarckian efficiency by retaining the ancient 
reverse transcriptase enzyme (RNA@DNA) copying discovered by 
Temin®”? in 1959 and found in 1970 in RNA tumor viruses by 
Temin”*”® and Baltimore,”>”” which can produce cDNA from the 
genome of an RNA virus that infects the cells.” Cell lineage selection 
within the individual replicator can alter the rate and fixation prob- 
ability of new mutations.*?”® 


Genomic information is not heritable 


Genomic information is heritable only at the level of the 
whole replicator 


Genomic information is independently heritable from at least 
some active subunits of which the replicator is comprised 


L12. Interreplicator Information Transfer. Can replicators of 
different kinds exchange genomic information? In biology, hori- 
zontal gene transfer”””” is the collective name for processes that per- 
mit the exchange of DNA among organisms of different species. 
Replicator safety is enhanced if replicators of different kinds lack 


the ability to exchange genomic information among themselves. 


Replicators of different kinds, or having different genomes, 
cannot mutually exchange genomic information 


Replicators of different kinds, or having different genomes, 
can mutually exchange genomic information 
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5.2 Replication Time vs. Replicator Mass 

Figure 5.6 shows the replication time (t) as a function of 
replicator mass (M) for 126 biological species and 9 actual or pro- 
posed artificial kinematic self-replicating systems across a size range 
spanning nearly 20 orders of magnitude, using data drawn from 
numerous sources”°°? and tabulated in Appendix A. (The exact 
formula for the trendline drawn in Figure 5.6 is t = 1.78 x 107 
M"4) It is well-known?! that the time of fecundity, the age for 
maturity, and the regeneration time grow with replicator size. For 
example, as long ago as 1965 Bonner*°”? found a strong 
nearly-linear positive correlation between body length and the loga- 
rithm of generation time. Our data confirm that replication time 
in biological systems appears to follow a 1/4-power law function 
of replicator mass, as explained by the model for allometric scal- 
ing laws in biology recently proposed by West et al.?>“° Indeed, 
age at first eproducHon can be shown from first principles**” to 
be proportional to M'"4, a value which has elsewhere been sub- 
stantiated empirically.7°4? On the other hand, it is also known 
that nonfractal mechanical systems such as combustion engines 
and electric motors exhibit purely geometric 1/3-power, rather than 
1/4-power, scaling with mass.7°°*°10 Tt has been expected that 
for a given replicator architecture, physical replication speed should 
be a linear function of geometric dimension (hence a 1/3 power 
of mass, since mass is volumetric) because nanomanipulator ve- 
locity is scale invariant”’’ while travel distance decreases linearly 
with dimension. (See also Section 5.9.5.) 

Figure 5.6 may provide one simple answer to a question that is 
sometimes asked in relation to machine self-replicating systems 
(SRS):788 “If self-replication is so easy, where are all the SRSs?” The 
chart suggests that pre-nanotechnology macroscale replicators may 
be expected to have comparatively lengthy replication times. For 
example, the replicating space probe proposed by Freitas (ref. 1014, 
Section 3.11) was scaled at 4.43 x 10° kg (443 tons) dry mass and a 
replication time of 1.69 x 10° sec (53.7 yrs), the replicating lunar 
factory proposed by NASA in the early 1980s (Freitas and Gilbreath,” 
Section 3.13.2) was scaled at a dry mass of 10° kg (100 tons) anda 
replication time of 3.14 x 10’ sec (1 yr), and the Lackner-Wendt 
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Figure 5.6. The 1/4-power law 
for replication time as a func- 
tion of replicator mass, for bio- 
logical replicators (@ = biologi- 
cal replicators, A = manmade 
replicators). 
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auxons (Section 3.15) were scaled to a ~20 kg mass and ~1.2 x 10” 
sec replication time.!!?8 All lie close to the M!“ trendline and sug- 
gest that autonomous meter-sized (or larger) replicators that do not 
make use of nanoscale manufacturing technologies may have repli- 
cation times on the order of months or years. Solid printers (Sec- 
tion 3.20) typically weigh 200-500 kg with an effective “replica- 
tion” time of 1-3 months (about 1 order of magnitude below 
trendline). The replication time of a typical modern industrial park 
or machine shop may also be on the order of months to a year, so to 
obtain a millionfold expansion of factory mass one must wait ~20 
replication cycles (i.e., 27° ~ 109), or ~2-20 years. The conventional 
economics of discounted present value, plant depreciation, and 3-5 
year venture capital investment horizons would render most such 
projects commercially nonviable. Investing today in a seed device 
that one must pay skilled people to teleoperate for 2-20 years dur- 
ing the non-productive growth phase, yielding at the end of that 
time a 2-20 year old, possibly nearly obsolete, factory makes little 
economic sense. 

However, using nanotechnology-based replicators having repli- 
cation times on the order of 1000 seconds allows a millionfold ca- 
pacity increase in only 200,000 sec (~2.5 days) — that is, rapid 
prototyping, fast factory buildout, and quick movement to market 
with useful products made in a nonobsolete manufacturing facility. 
The scaling laws for replication speed as a function of replicator size 
thus appear to interact with the economic and obsolescence factors 
to produce a viable scenario for the deployment of commercial 
replicators only in the microscale, but not in the macroscale, realm. 

Because biological replication time scales as M", larger 
replicators must spend a longer absolute time accumulating resources 
and maturing tissues than do smaller replicators.7°!' Additionally, 
in biology a smaller individual replicator produces a mass of off- 
spring that represents a larger fraction of its adult mass than a larger 
replicator,°!! and smaller animals generally produce more off- 
spring’>°’ — further facts which argue for the comparatively greater 
commercial value of microscale manufacturing systems that offer 
rapid ramp-up of output capacity and higher production per unit 
mass of factory machinery. 
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Consider a replicator of mass M that produces a mass of off- 
spring Mor= AM that is some fraction A of its adult mass. Mog has 
been empirically shown? to scale approximately as M>4 in bio- 
logical systems, and “from first principles it can be argued that when 
reproduction begins, the amount of reproductive biomass accumu- 
lated will be proportional to the amount of energy intake”.?°°? Hence 
A, the proportion of a replicator’s mass that its offspring represents 
at birth, must be proportional to M4, Maurer”*!! notes that “if we 
compare large and small species within a taxon, in general, we would 
expect that reproduction in the largest species will be constrained by 
the longer times it takes to reach reproductive maturity, and the pro- 
portionately smaller mass of offspring that can be produced. It is 
important to recognize that these two allometric constraints on re- 
production arise from the energetic processes that underlie organismal 
growth, given that the organism is constructed of tissues organized 
into fractal-like networks for the distribution of energy and matter 
— the fundamental insight implicit in the controversial concept of 
reproductive power”°!*“°!7 defined as the rate of production of re- 
productive biomass.”*°!? Whether these same allometric scaling laws 
that apply to fractal biological systems also apply to artificial me- 
chanical replicators remains to be fully investigated. 

As further points of interest, several additional artificial mechani- 
cal replicators are shown on Figure 5.6 — including (among oth- 
ers) one which remains, at present, only theoretical (the 
Merkle-Freitas assembler; Section 4.11.3), and another which has 
already been demonstrated experimentally (the Suthakorn LEGO® 
replicator; Section 3.23). By the bio-centric measure of this data, 
the Merkle-Freitas assembler appears very inefficient and seems to 
require at least 3 orders of magnitude potential improvement in 
replication speed to catch up with biological systems. Even with 
this handicap, the device still replicates at least an order of magni- 
tude faster than conventional macroscale industrial machinery. But 
replication time is not merely a function of mass, as indicated by 
the seemingly anomalously rapid replication time achieved by the 
comparatively simple Suthakorn-Chirikjian LEGO® replicator. Rep- 
lication time is also a function of the complexity of the device, the 
replicator parts count or parts size, the degree to which the replicator 
must fabricate components from a disordered feedstock, the degree 
to which control and processing mechanisms can be offloaded from 
the replicator device to external systems, and potentially dozens of 
other dimensions of the replicator design space (Section 5.1.9). It is 
possible, even likely, that nanotechnology-based replicators can be 
at least 1-2 orders of magnitude more efficient than biological 
replicators, size for size, albeit at the cost of higher power density 
(Nanomedicine,* Section 6.5). But until comprehensive further 
studies can elucidate the precise scaling laws governing the replica- 
tion time of mechanical replicators, natural biological systems may 
stand as useful benchmarks of the minimum performance that may 
be expected from future artificial self-replicating systems. 

Finally, note also that evolvability scales inversely with size, all 
else equal. In the first place, in biology the replicator abundance 
increases as a function of decreasing replicator size,*°'* 7°? with the 
number of replicators N(m) as a function of replicator mass m given 
by N(m) ~ constant - m?, a Zipf power law distribution believed 
due to predation-related deaths in macroscale animals.”°4 In the 
second place, the number of distinct (biological) replicator species 
is a declining function of the characteristic size of individual species 
members — i.e., smaller creatures produce more species,”0°°7 as 
illustrated by the frequency distribution of both insect and vertebrate 
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species count as a function of organism body length compiled by 
Pianka”®? and as a function of body mass for 2104 mammals com- 
piled by Maurer.°!! More specifically: There are -10° known spe- 
cies262° of mammals, birds, reptiles, amphibians, fishes and mol- 
lusks, of characteristic individual organism mass ~0.1 kg, with, for 
instance, an estimated ~3 x 10!! birds alive on Earth.7°”’ There are 
751,000 (i-e., ~10°) known species”°*® of insects (estimated up to 
-3 x 10’ species counting currently unknown insect species”®**) of 
characteristic individual organism mass ~ 10° kg, with an estimated 
~10!° individual insect organisms alive on Earth.7°??°! As for 
bacteria, microbial systematics is still in its infancy and fewer than 
5000 bacterial species have been formally described,?°°76? in part 
because of the traditional difficulty of distinguishing bacterial spe- 
cies in optical microscopes. But modern measurements using mo- 
lecular biology techniques have found ~4000 different bacterial spe- 
cies in a mere 1 gm of Norwegian forest soil”°?? and Sugawara et 
al2©4 have identified 334,312 distinct strains of bacteria that are 
already known. Even traditional conservative estimates???” put 
the total number of unknown bacterial and fungal species at ~107 
but the most recent estimate”™® is that the unknown bacterial spe- 
cies count could plausibly reach as high as ~108-10'° species, with 
an estimated ~10°! individual bacterial organisms of characteristic 
individual organism mass -10°!? kg currently alive on Earth.*°? 
These limited data tentatively suggest a coarse trendline species count 
of Nopecies(m) ~ 10° ml. 

The concern here is that, for a given machine architecture, the 
smaller the device, the faster that unit reproduction may occur, and 
hence the greater the number of trial offspring that the device could 
sire (and test for fitness) per unit time interval. Macroscale repro- 
ducers that generate variability only via stochastic genomic muta- 
tions are far less likely to be able to generate enough trial offspring 
to stumble upon successful new phenotypes in any reasonable pe- 
riod of time. Microscale reproducers, on the other hand, may be 
able to generate offspring up to a million times faster, thus could be 
far more likely to randomly yield productive modifications, hence 
to “evolve,” if their design foolishly permits such viable modifica- 
tions. Microscale replicators may therefore be viewed as inherently 
more risky from a public safety standpoint!” and so the need 
for adherence to design guidelines””’ to forestall unplanned system 
evolution is more urgent in this realm. 


5.3 Minimum and Maximum Size of Kinematic 
Replicators 

What is the minimum size for free-standing autonomous kine- 
matic replicators? In microbiology, this question has been tenta- 
tively addressed in the past,* with the conclusion that the theoreti- 
cally smallest biological cells that can be contained within a mem- 
brane must have diameters of at least 50 nm!7”4 to 140 nm, 18062640 
This question has more recently been analyzed in depth by a special 
panel of nearly two dozen researchers at a workshop entitled “Size 
Limits of Very Small Microorganisms,” sponsored by the Space Stud- 
ies Board of the National Academy of Sciences and first published 
in 1999,76416® This study was motivated in part by the announce- 
ment°* of possible evidence for relic biogenic activity in the Mar- 
tian meteorite ALH84001. This evidence included an observation 
of “carbonate globules and features resembling terrestrial microor- 
ganisms, terrestrial biogenic carbonate structures, or microfossils” 
that ranged in length from 10-200 nm as revealed in electron 
microscope images, and also other evidence for nanometer-scale 


* In the 1960s, NASA sponsored research*® to inform future astronauts how to recognize even the most rudimentary forms of life on other worlds — with the conclusion 
that the simplest living thing would contain at least 124 proteins of 400 amino acids each, and would possess a functioning genetic code so the organism would reproduce 


true to type. 
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biomineralization and “nanofossils” on Earth?°*76 — even though 
exotic morphological forms resembling biogenic structures can oc- 
cur via nonbiological processes,7°*” and many bacteria are known 
to undergo transition from a large active state to a small dormant 
state,“ 20> often in response to starvation.”““* The study also was 
motivated by reports”??? of “nanobacteria” with calcium shells 
which have been proposed as possible nucleation sites for kidney 
stones.2°>97 Some of these microbes are claimed to be cultured 
from blood?" and apparently have diameters as low as 80 nm 
but average 200 nm (mass ~ 4 x 10°'8 kg, replication time ~3 days 
~2.6 x 10° sec””°), There are also reports of “nannobacteria” as 
small as 30 nm in diameter present in everything from tapwater to 
tooth enamel?! and “ultramicrobacteria””°”?®? with cell volumes 
of 0.03-0.08 um? (386-535 nm spherical diameter).°°" 

Within the NAS Workshop,7°4! geneticists and cell biologists 
“reached consensus on the smallest size likely to be attained by or- 
ganisms of modern biochemical complexity. Free-living organisms 
require a minimum of 250 to 450 proteins along with the genes 
and ribosomes necessary for their synthesis. A sphere capable of 
holding this minimal molecular complement would be 250 to 300 
nm in diameter, including its bounding membrane. Given the un- 
certainties inherent in this estimate, the panel agreed that 250 + 50 
nm constitutes a reasonable lower size limit for life as we know it. 
At this minute size, membranes have sufficient biophysical integ- 
rity to contain interior structures without the need for a cell wall, 
but only if the organism is spherical and has an osmotic pressure 
not much above that of its environment. Bacteria with a diameter 
of 300 to 500 nm are common in oligotrophic (nutrient-poor) en- 
vironments, but smaller cells are not. Nanobacteria (a single-celled 
microorganism proposed to have a maximum diameter in the range 
of tens to a few hundreds of nanometers) reported from human and 
cow blood fall near the lower size limit suggested by cell biologists. 
However, the much smaller (ca. 50 nm) bodies found in association 
with these cells may not, themselves, be viable organisms. Observa- 
tions on Archaea indicate that, in general, they have size limits similar 
to those for Bacteria. Whereas a cell operating by known molecular 
rules — with DNA or maybe RNA, ribosomes, protein catalysts, 
and other conventional cell machinery — would have a lower size 
limit of 200 to 300 nm in diameter, primitive microorganisms based 
on a single-polymer system could be as small as a sphere 50 nm in 
diameter. On Mars or Europa, fossils might preserve a record of 
biological systems different from those we understand — perhaps 
early products of evolution that made do with a small complement 
of functional molecules. Organisms of modern biochemistry might 
become small by being pathogens or living in consortia — that is, 
by using the products of another organism's genes.” 

NAS Workshop participant and biochemist Michael Adams 
calculated that a 50 nm diameter spherical cell would just have 
enough room for 2 ribosomes, 520 30-kDa proteins, and 8 1000-bp 
genes as DNA — well below the minimum possible genome size of 
~250 genes!8%!897 which would still require the cell to be parasitic, 
relying on ready-made nutrients from the external environment or 
a host.26%2 Even Mycoplasma genitalium, the free-living microorgan- 
ism with the smallest known genome (Table 5.1), has 471 genes!*°7 
that occupy 10% of cell volume.2! So 50 nm is likely too small, 
concluded Adams:?>4 “,..the minimum theoretical size for a cell is 
172 nm diameter. To grow, such a cell must be supplied with (and 
must assimilate) all amino acids, fatty acids, nucleotides, cofactors, 
etc., because it would contain the minimum number of genes (250) 
and have a minimal biosynthetic capacity. The [172 nm] cell would 
have a 5 nm membrane but no cell wall. It would consist, by vol- 
ume, of 10% DNA, 10% ribosomes, 20% protein, and 50% water, 
and would contain approximately 65 proteins per gene as well as 65 
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ribosomes.” By positing a reduced protein size and shifting to 
single-stranded DNA and segmental genome copying, biophysical 
chemist Peter Moore”®® argues that a 60-nm living cell might be 
possible but must “invoke a biochemistry unlike any known in 
modern cellular life. A cell that is even smaller would require even 
more radical departures....their biochemistry will be a lot different 
from anything we know today.” 

For example, Benner” noted that “much of the volume of a 
bacterial cell is filled with machinery (ribosomes) that convert in- 
formation in the genetic biopolymer (DNA) into information in 
the catalytic biopolymer (protein). This places a limit on the size of 
a two-biopolymer living system that all but certainly excludes cells 
as small as (for example) the structures observed in the Allan Hills 
meteorite derived from Mars. Life that uses a single biopolymer to 
play oth genetic and catalytic roles**°*°7! could conceivably fit 
within a smaller cell.” Benner suggested that a single-biopolymer 
system could be packed into a 50-nm sphere. However, he admit- 
ted, “no biopolymer has yet been found that can play both roles, 
and the chemical demands for genetics and catalysis are frequently 
contradictory.” 

A bottom-up biochemical analysis of the minimum requirements 
for the first primitive lifeform on Earth by Ferris”®”? suggested that 
if it was possible to have membrane-bounded nonribosomal life with 
a minimum of five genes (i.e., ligase, replicase, monomer synthase, 
fatty acid synthase, and membrane synthase ribozymes), then if the 
organism achieved the single-stranded RNA packing density of QB 
virus it would need an interior volume of 3,580-nm? plus the vol- 
ume of the surrounding membrane, giving a spherical outside di- 
ameter of 27 nm assuming a 4 nm thick membrane. If instead the 
earliest organism achieved only the double-stranded RNA packing 
density and protein/biomolecular content typical of contemporary 
L-A virus, then one would need an interior volume of 48,900-nm?, 
giving a spherical outside diameter of 53 nm again assuming a 4 nm 
thick membrane. 

Alternatively, NAS Workshop participant Jeffrey Lawrence 
hypothesized the possible existence of very tiny self-replicating “cells” 
based on sequential horizontal transfer of single genes “wandering” 
among a consortium, illustrating that not all cells need have all the 
essential genetic information at the same time: “A model is presented 
whereby the frequency of gene exchange is much greater than the 
frequency of cell division. In this model, cells may be considered way 
stations for gene replication and transfer; such organisms need not 
maintain a full complement of genes, and genome sizes may decrease.” 
Replication would be very slow (e.g., 10,000 times slower than bacte- 
ria, as posited for nanobacteria”>”’) and dependent on the lifetime of 
biosynthetic intermediates and on the rate of gene transfer, but simu- 
lations by Lawrence™*”” predicted “the propagation of organisms where 
the average cell contains, on average over time, fewer than 1 gene.” 
Using this strategy, a ~50 nm cell barely large enough to hold 1-2 
ribosomes might become feasible. However, another stud 641 


2497 


par- 
ticipant noted that there could be great selective advantage of aggre- 
gating more than one gene into a single compartment by cell-cell 
fusion, so that even starting with the minimal mechanically stable 
vesicle size, the system would tend to evolve to larger, more efficient 
compartments. The greater surface area to volume ratio of smaller 
cells has been claimed to be adaptive for low-nutrient environ- 
ments,”°7> though counterexamples exist.°4 In the search for the 
great universal ancestor of all life, Woese2°”> notes that if there was a 
great deal of gene transfer, the whole question of the identity of the 
first cell may become meaningless because the “universal ancestor” of 
all terrestrial life may not have been one cell, but rather the “genetic 
annealing””®”> of a “primordial commune””24 of protocells, or as 
Cowen’ describes it, “a kind of cellular mist in which genes trans- 
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fer from one droplet to the other like molecules of water vapor.” 
Rasmussen et al'?”” suggest a specific design for a simple protocell 
capable of self-replicative cycling. 

The absolute minimum possible size of purely mechanical 
(nonbiological) kinematic replicators has not yet been seriously 
addressed by nanotechnology theorists, but it seems unlikely that 
a fully autonomous mechanical replicator can be significantly 
smaller than the ~100 nm size range. However, just as the ~25 nm 
ribosome is much smaller than the smallest known well- 
documented free-standing biological cell, it is conceivable that re- 
motely powered and fully-teleoperated nanomechanical manipu- 
lators capable of assembling themselves from a handful of prefab- 
ricated parts using one ora few simple mechanical processes might 
be possible at the ~10-20 nm scale. Future research will doubtless 
clarify this point. Using the replication time/mass relation shown 
in Figure 5.6, a 20-nm teleoperated replicator with normal den- 
sity could have t ~ 200 sec.* 

The maximum possible size of a kinematic replicator is presently 
unknown, but is likely extraordinarily large. Consider the purely 
speculative possibility of audaciously extrapolating the known rela- 
tionship between replication time and replicator mass shown in Fig- 
ure 5.6 by another 7 orders of magnitude, beyond the current 10 
orders of magnitude in time for which we already have extensive 
real-world replicator data. If the maximum possible replication time 
approximates the current estimated age of the universe, or t ~ 1.37 x 
10!° years (= 4.30 x 10?” sec),7°’” then from the empirically ob- 
served relation t ~ 1.78 x 108 M'4 (Section 5.2) we would compute 
that the largest possible replicator that could demonstrably exist (i.e., 
having executed at least one full replicative cycle) would have a mass 
of M ~ 3.4 x 104! kg, or about one-third of the mass of our own 
Milky Way galaxy (-9.8 x 104! kg, including ~400 billion visible 
stars and ~4.9 x 10!" solar masses).7°”® Information/materials 
traveling at/near the speed of light (c = 3 x 108 m/sec) can make 
Nee ~ €T/ Dyep! round trips across a replicator of diameter Dyep1. If 
the mass is distributed throughout a galaxy-sized replicator with D,.p1 
~ 100,000 light-years, then Nrr ~ 10°. If the mass is concentrated in 
a replicator approaching maximum possible density (i.e., within the 
Schwarzschild radius of a nonrotating uncharged black hole), then 
Drepl ~ 4 GMI/c* ~ 10! meters (taking gravitational constant G = 
6.67 x 1071! N-m?/kg’) and so Nr, ~ 101!. For comparison, a hu- 
man body with a replication time of t = 0.736 year (~9 months) and 
a bloodstream circulation time of -1 minute?”8 (using fluidic/chemical 
information transport at <1 m/sec) has an effective Nr ~ 10°. 


5.4 Efficient Replicator Scaling Conjecture 

The first simple molecular assembler is likely to be a macroscale 
device, perhaps a modified SPM system as was being pursued by 
Zyvex starting in 1998 (Section 4.14). Multiple SPM heads could 
be equipped with a small number of nanoscale tool tips. In some 
scenarios, nanoparts fabricated using either bulk chemistry or posi- 
tional mechanosynthesis techniques would be inspected and selected 
by the SPM, then assembled one by one into working nanomachines 
(e.g., the desired useful nanoscale products). Such assembly opera- 
tions will be very slow, because the placement of each new compo- 
nent may require simultaneous rotations and translations of large 
macroscale SPM components. Assembly time may scale roughly lin- 
early with assembler size”’* because smaller assembler components 
moving at a given velocity need to travel less distance to accomplish 
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a given physical operation, consuming less time and energy per 
physical operation. Hence an important early developmental goal 
would then be to design and fabricate nanoscale molecular assem- 
blers whose manipulatory components are closer in size to the scale 
of the parts which must be assembled. 

In 1996, Freitas”*”? informally proposed the “Efficient Replicator 
Scaling Conjecture” which holds that “the most efficient replicator 
will operate on a substrate consisting of parts that are approximately 
of the same size scale as the parts with which it is itself constructed. 
Hence a robot made of ~1 cm parts will operate most efficiently in 
an environment in which ~cm-scale parts (of appropriate types) are 
presented to it for assembly. Such a robot would be less efficient if it 
was forced to build itself out of millimeter or micron-scale parts, 
since the robot would have to preassemble these smaller parts into 
the 1-cm parts it needed for the final assembly process. Similarly, 
input parts much larger than 1 cm would have to be disassembled 
or milled down to the proper size before they could be used, con- 
suming additional time, information, and physical resources — also 
reducing replicative efficiency. If this conjecture is correct, then it 
follows that to most efficiently replicate from an atomic or molecu- 
lar substrate, you would want to use atomic or molecular-scale parts 
— that is, nanotechnology.” 

This conjecture seems broadly consistent with Drexler’s scaling 
analysis of an exemplar manufacturing system architecture using 10 
stages of convergent assembly in which product scale is commensu- 
rate with mechanism scale at all but the earliest stages of input or- 
dering and reagent preparation involving simple molecular inputs 
(Nanosystems,?°8 Table 14.1; see also Section 4.9.3). It also seems 
consistent with Merkle’s analysis of the convergent assembly ap- 
proach to molecular manufacturing (Section 5.9.4) using a pro- 
gression of manufacturing stages at different scales.”!? As Fearing'*®! 
noted in connection with the efficient construction of microdevices: 
“There are many advantages to shrinking robots and mechanical 
actuators to the same size as the parts to be manipulated.....” 


5.5 Fallacy of the Substrate 


To generate macroscopic quantities of useful products using 
nanoscale manufacturing systems, huge numbers of such systems 
must join in the work. Building a huge number of microscopic sys- 
tems one by one is time-prohibitive, hence the concept of massively 
parallel assembly or self-replication is key to all known proposals 
for rapid molecular manufacturing (Section 5.7). As conceived by 
von Neumann (Section 2.1.2) and subsequent researchers, the most 
general theoretical conception of physical replication views replica- 
tion as a manufacturing process. In this process, a stream of inputs 
enters the manufacturing device. A different stream of outputs exits 
the manufacturing device. When the stream of outputs is specified 
to be identical to the physical structure of the manufacturing de- 
vice, the manufacturing device is said to be “self-replicating.” 

Note that there are no restrictions of any kind placed upon the 
nature of the material inputs. On the one hand, these inputs could 
consist of a hot plasma containing equal numbers of atoms of all 92 
natural elements — which is by some measures a “perfectly ran- 
dom” input stream. On the other hand, the material input stream 
could consist of cubic-centimeter blocks of pure elements. Or the 
stream could consist of prerolled bars, sheets, and wires, or more 
ordered inputs such as pre-formed gears, ratchets, levers and clips. 
Or the inputs could consist of more highly refined components* 


* The same time/mass relation would predict a replication time of t = 3.6 sec for a replicator having the limit mass of a single proton, neutron, or hydrogen atom (or t = 
0.55 sec for a single-electron-mass replicator) that could somehow replicate solely by the manipulation of covalent bonds and other conventional interatomic forces. But 
self-replicating entities that employ nuclear forces can replicate much faster and thus are not represented by Figure 5.6. Neutrons are one well-known example of such a nuclear 
replicator: a single thermal neutron, upon entering a substrate consisting of a »,U** nucleus, induces fission of that nucleus in ~10? sec, replicating 2-3 daughter neutrons 
which are emitted from the substrate along with various larger fissile fragments, leading to a macroscopic chain reaction if a critical mass of substrate is present.?9°” 
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such as pre-fabricated whole motors, switches, gearboxes, and com- 
puter chips. A manufacturing device that accepts any of these input 
streams, and subsequently outputs precise physical copies of itself, 
clearly is “self-replicating.” Insisting that only assembly of a copy 
starting from highly disordered substrates like a hot random-atom 
plasma or even a somewhat more ordered natural free-range envi- 
ronment counts as “true” replication”®® is one manifestation of the 
Fallacy of the Substrate. In fact, construction of self-structure from 
any stream of inputs, however ordered or disordered, properly may 
be termed self-replication. Stated more succinctly, the Fallacy of the 
Substrate is the assertion that replication, or replicators, can be de- 
scribed or defined without reference to their input substrate. To 
ignore the substrate upon which replication will take place is to 
perpetrate the Fallacy. 

The 1980 NASA study on replicating systems” offered an amus- 
ing illustration of the Fallacy of the Substrate with its example of a 
self-replicating PUMA robot. This robot was conceptualized as a 
complete mechanical device, plus a fuse that must be inserted into 
the robot to make it functional. Here the input substrate consists of 
two distinct streams: (1) a stream of 99.99%-complete robots arriv- 
ing on one conveyor belt, to the left, and (2) a stream of fuses arriv- 
ing on a second conveyor belt, to the right. The active replicator 
robot combines these two materials input streams, and the result of 
this manufacturing process is a single output stream consisting of 
physical duplicates of itself. Undeniably, the robot has “replicated.” 
Similar two-component replication schemes are commonplace in 
simple self-replicating chemical systems'*”* of the form A + B > T, 
where A and B are substrates that bind to a complementary tem- 
plate T and become joined to form a product molecule that is iden- 
tical to the template, 1973-1976 i.c., AB = T. 

In principle, different replicator motifs might metabolize any of 
an infinite number of input substrates. Depending upon its design, 
a particular replicator device may be restricted to replication from 
only a very limited range of input substrates. Another replicator 
device may have sufficient generality to be able to replicate itself 
from a very broad range of input substrates. In some sense this gen- 
erality is a measure of the device’s survivability in diverse environ- 
ments, and may contribute to its self-replicability (Section 5.1.9 
(C11)) and evolvability (an undesirable trait in a manufacturing 
system; Section 5.1.9 (L)). But it is clearly fallacious to insist that 
“replication” can occur only when duplication of the original manu- 
facturing device takes place from some highly-disordered, ill-de- 
fined or arbitrary substrate. 

Of course, as a practical matter the economic value of replica- 
tion is best realized when the substrate is inexpensive. The input 
stream of 99.99%-complete robots might prove expensive to make 
in the absence of some prior manufacturing step able to operate on 
a less expensive substrate. 

Replicating systems may be very simple. Von Neumann con- 
cluded that kinematic machine replication was possible and that 
perhaps twelve different kinds of subunits of unknown complexity 
might be required as building materials. Falling prey to the Fallacy 
of the Substrate, Haldane”®*° subsequently inferred that as many as 
~10° parts might be needed to make a replicator. This inference was 
refuted just three years later with the arrival of the first in a series of 
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ingenious designs for mechanical self-replicating machines that were 
built and operated or designed in the late 1950s (Sections 3.3-3.5), 
composed of no more than about a dozen parts that were made 
readily available in the external environment and were assembled 
into a complete (and fertile) daughter machine by the parent ma- 
chine. Replication is fundamentally so simple a task that artificial 
machines capable of displaying this behavior in primitive form 
pre-date most of the modern electronic computer era. Analogizing 
from results in cellular automata replication studies, James Reggia*”” 
notes: “Self-replication is not an inherently complex phenomenon 
but rather an emergent property arising from local interactions in 
systems that can be much simpler than is generally believed.” 

Perhaps the most important message of the Fallacy of the Sub- 
strate is that the replicative capacity of a replicator cannot be de- 
fined by specifying the replicator in isolation from its surroundings. 
Replicative capacity can only be defined by simultaneously specify- 
ing both the replicator and the input substrate upon which the 
replicator will be required to operate. This requirement is well-known 
in biology, where DNA, while representing the “recipe” of an or- 
ganism and thus information about the replicator’s own structure, 
more importantly represents a plan for how to build an organism 
that can best survive in its native environment and pass on that 
information to its progeny. Deutsch?®*! refers to this view as: 
“genes embody knowledge about their niches.” In cell biology the 
replicative environment can be extremely complex, consisting of 
the ribosomes which translate mRNA-based genetic messages, an 
abundance of nutrients inside and outside of the cell, the environ- 
ment of the organism proper (e.g., ambient temperature and oxy- 
gen in the air), and so forth. As Adami? explains: “An organism’s 
DNA is not only a ‘book’ about the organism, but is also a 
book about the environment it lives in, including the species it 
co-evolves with. Accordingly, Mycoplasma mycoides (which 
causes pneumonia-like respiratory illnesses) has a complexity of 
somewhat less than one million base pairs in our nasal passages, but 
close to zero complexity most everywhere else, because it cannot 
survive in any other environment — meaning its genome does not 
correspond to anything there.” 

A dramatic demonstration of this now-obvious truth was pro- 
vided by Sol Spiegelman, an American microbiologist who in the 
mid-1960s posed the deceptively simple question: What is the small- 
est molecule capable of replicating itself? In Spiegelman’s classic ex- 
periment,** a primitive phage Qf virus consisting of a single 
4500-nucleotide RNA molecule was supplied with an abundance 
of replicase enzyme (the viral enzyme that duplicates RNA) and 
free nucleotides that the virus needed for replication and survival, 
in a test tube using a flowthrough system that continually added 
the nutrients. With the provision of these materials, the virus was 
no longer dependent upon a cell to continue its life cycle and began 
to compete against itself, improving the efficiency of replication 
through the evolution and survival of viruses that did not produce 
the supplied materials. Within seventy generations, rapidly repro- 
ducing mutant strands having only 220 nucleotides had replaced 
all other variants. The successful mutants had neither viral coats 
nor the ability to produce the replicase enzyme, and represented a 
specialized new creature adapted to its whole environment, includ- 


* The nutritional requirements of the self-replicating machines described in Sladek’s 1968 novel The Reproductive System 
— guidelines which we endorse (Section 5.11). Sladek writes: 
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the Foresight Guidelines’ 


67 clearly violate the safety recommendations of 


“During the week...the boxes had devoured over a ton of scrap metal, as well as a dozen oscilloscopes with attached signal generators, thirty-odd test sets, desk calculators 
both mechanical and electronic, a pair of scissors, an uncountable number of bottle caps, paper clips, coffee spoons and staples (for the lab and office staff liked feeding 
their new pet), dozens of surplus walky-talky storage batteries and a small gasoline-driven generator. 

“The cells had multiplied — better than double their original number — and had grown to various sizes, ranging from shoeboxes and attaché cases to steamer trunk 
proportions. They now reproduced constantly but slowly, in various fashions. One steamer trunk emitted, every five or ten minutes, a pair of tiny boxes the size of 3x5 card 


files. Another box, of extraordinary length, seemed to be slowly sawing itself in half. 


“General Grawk remained unimpressed. ‘What does it do for an encore?’ he growled....” 
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ing the biotic and abiotic components. The replicating RNA had 
shrunk to the minimum size of the supplied replicase enzyme’s rec- 
ognition site. (Had the RNA shrunk any smaller, it would not have 
been able to use the free replicase, and thus to achieve closure it 
would have to have either made its own replicase or invented a jig 
that would permit use of the existing replicase. This would be very 
difficult because losing nonessential components is far easier than 
evolving new structures through mutation, hence the size of the 
replicase site acts as a closure attractor.) Although the mutant mol- 
ecule could reproduce itself at a fantastic rate in the protected test 
tube environment, it could not survive in the unprotected natural 
world where the input substrate was no longer ideal. Its replicative 
capacity had become permanently diminished in, and uniquely de- 
pendent upon, the new richer substrate. 

Concludes Luksha and Plekhanov:?°* “It is evident that any 
information may only exist relative to (or in relation with) a com- 
plex system that processes it (self-replicators in particular); this may 
be generalized as a principle of information relativity.” 


5.6 Closure Theory and Closure Engineering 

Fundamental to the problem of designing self-replicating sys- 
tems is the issue of closure. In its broadest sense, this issue reduces 
to the following question: Does replicating system function (e.g., 
factory output) equal or exceed system structure (e.g., factory com- 
ponents or input needs)? If the answer is negative, the system can- 
not independently fully replicate itself; if positive, such autonomous 
self-replication may be possible. 

Consider, for example, the problem of parts closure. Imagine that 
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2. Energy closure — can the system generate sufficient energy in 
the proper forms to power the processes of self-construction? 


3. Information closure — can the system successfully command 
and control all processes required for complete self-construction? 
The vast proliferation of tens of thousands of different species 
of fully-autonomous self-replicating internet viruses and count- 
less autonomous virtual organisms and artificial life software 
entities (Section 2.2) constitutes an existence proof that 100% 
information closure is possible in artificial self-replicating enti- 
ties. The information caches needed to describe self-replicating 
systems can be surprisingly modest, often <10° bits (Table 5.1). 


Moore®”’ nearly anticipated closure engineering. Describing the 


required design effort for “artificial living plants” in his 1956 ar- 
ticle, he wrote: “Once the list of needed materials was chosen, engi- 
neers would have to design a flow scheme for the automatic manu- 
facture of all of them. It would be very desirable to keep the list of 
materials as short as possible, and the manufacturing operations 
and processes as simple as possible.” During 1979-1980, Freitas!°!4 
attempted the first quantitative closure analysis for a proposed 
self-replicating machine system, with special attention to materials, 
structural, and functional closure issues. Concentrating on materi- 
als closure, Freitas performed a scaling analysis of a replicator with 
reference to the chemical elements required to build the replicator 
structure as compared to the element availability in the external 
environment in which the replicator would be expected to operate 
(Section 3.11). 

The 1980 NASA study of self-replicating lunar factories (Sec- 
tion 3.13), co-edited by Freitas,” included a similar quantitative 


the entire factory and all of its machines are broken down into their 
component parts. If the original factory cannot fabricate every one of 
these items, then parts closure does not exist and the factory is not 
fully self-replicating. For replicating machine systems, 100% closure 
is theoretically quite plausible — no fundamental or logical impossi- 
bilities have yet been identified.* The theoretical capability of ma- 
chines to perform “universal computation” and “universal construc- 
tion” can be demonstrated with mathematical rigor,>*"° so parts as- 
sembly closure is theoretically possible. And at least in the case of 
human-operated factory systems, notes Friedman,”” “we 


analysis of lunar factory elemental composition as compared to the 
elemental composition of lunar regolith which would be the source 
of the materials to build the factory. Equally importantly, the NASA 
study also introduced the concept of systematic closure engineer- 
ing, describing qualitative closure (can all parts be made?), quanti- 
tative closure (can enough parts be made?), and throughput closure 
(can parts be made fast enough?), and providing a crude qualitative 
methodology for seeking and achieving closure in all of its many 
dimensions (Figure 5.7). 

According to the NASA study final report:? “In actual practice, 
the achievement of full closure will be a highly complicated, itera- 
tive engineering design process.*** Every factory system, subsystem, 
component structure, and input requirement must be carefully 
matched against known factory output capabilities. Any gaps in the 
manufacturing flow must be filled by the introduction of additional 
machines, whose own construction and operation may create new 
gaps requiring the introduction of still more machines. The team 
developed a simple iterative procedure for generating designs for 
engineering systems which display complete closure. The procedure 
must be cumulatively iterated, first to achieve closure starting from 


e have an ex- 
istence proof: The set of all factories in the United States can produce 
useful products and they — as a system — clearly have the ability to 
produce more of their own kind (or where else did they come from?).”** 

In an arbitrary system there are three basic requirements to achieve 
closure: 


1. Matter closure — can the system manipulate matter in all ways 
necessary for complete self-construction? As previously noted, 
the U.S. factory manufacturing system constitutes an existence 
proof that 100% materials (and energy) closure is possible. 


* Ford’s River Rouge complex,’ built beginning in 1918 on an 1,100-acre site outside Detroit, achieved nearly 100% parts fabrication and assembly closure in the manufacture 
of automobiles nearly a century ago. Henry Ford's ships delivered iron ore, lumber and limestone from his mines, mills and quarries in Michigan’s Upper Peninsula. Coal was 
barged in from his fields in West Virginia and Kentucky for energy. Rubber came straight from his plantations in Brazil. These raw materials entered one end of the factory 
and moved around on the Rouge’s 100-mile internal railroad, allowing Ford Motor to manufacture its own iron, steel, glass, tires and engines. Finished cars, tractors, and even 
Navy submarine chaser ships emerged from the other end of the plant. 


** Some have asserted that the mere existence of a large manufacturing economy is not by itself a good proof of the possibility of closure because such an economy includes 
humans, and without depending on human self-reproduction such a system could soon cease to exist.1*° This argument is incorrect for at least two reasons. First, if a successful 
nanotechnology-based medicine succeeds in eliminating biological aging,?°* a manufacturing economy populated exclusively by nonreproducing humans could persist 
indefinitely. Second, a manufacturing economy that produces all of its own structure is properly termed self-replicating, regardless of whether its source of control is teleoperation 
(by humans) or full autonomy (Section 5.1.9 (A1)). 


*** To get a sense of the complex iterative nature of closure engineering, the reader should ponder the design process that he or she might undertake in order to generate 
the following full-closure self-referential “pangram”’®’ (a sentence using all 26 letters at least once), written by Lee Sallows and reported provided by Hofstadter:?© “Only 
the fool would take trouble to verify that his sentence was composed of ten a’s, three b’s, four c’s, four d’s, forty-six e’s, sixteen f’s, four g's, thirteen h’s, fifteen i's, two k's, 
nine l’s, four m’s, twenty-five n’s, twenty-four o’s, five p’s, sixteen r's, forty-one s’s, thirty-seven t's, ten u's, eight v's, four x's, eleven y's, twenty-seven commas, twenty-three 
apostrophes, seven hyphens, and, last but not least, a single !” Self-enumerating sentences like these are also called “Sallowsgrams”’*’ and have been generated in English, 
French, Dutch, and Japanese languages using iterative computer programs. 
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EXPLANATION OF SYMBOLS 


PROCEDURAL QUERIES = 0 


— CAN SYSTEM ASSEMBLE ALL MACHINES OF WHICH IT IS COMPRISED? 
— CAN SYSTEM ASSEMBLE ALL SUBASSEMBLIES OF WHICH ITS MACHINES ARE 
COMPRISED? 
— CAN SYSTEM MACHINE ALL PARTS OF WHICH ITS MACHINES ARE COMPRISED? 
— CAN SYSTEM EXTRACT ALL MATERIALS OF WHICH ITS PARTS ARE COMPRISED? 
— CAN SYSTEM MINE ALL MINERALS OF WHICH ITS MATERIALS ARE COMPRISED? 
— CAN SYSTEM TRANSPORT ALL (MACHINES/SUBASSEMBLIES/PARTS/MATERIALS/ 
MINERALS) OF WHICH IT IS COMPRISED? 
— CAN SYSTEM VERIFY ALL (MACHINES/SUBASSEMBLIES/PARTS/MATERIALS/ 
MINERALS) OF WHICH IT IS COMPRISED? 
~— CAN SYSTEM WAREHOUSE ALL (MACHINES/SUBASSEMBLIES/PARTS/MATERIALS/ 
MINERALS) OF WHICH IT IS COMPRISED? 
— CAN SYSTEM REPAIR ALL SUBSYSTEMS OF WHICH IT IS COMPRISED? 
Q10s — CAN SYSTEM COMPUTERS CONTROL ALL SUBSYSTEMS OF WHICH IT 1S COMPRISED? 
Qlis — CAN SYSTEM ENERGY PLANT ENERGIZE ALL SUBSYSTEMS OF WHICH IT (THE 
SYSTEM) IS COMPRISED? 
Qib — CAN SYSTEM ASSEMBLE ENOUGH MACHINES TO REPLICATE THE ORIGINAL SYSTEM? 
Q2b — CAN SYSTEM ASSEMBLE ENOUGH SUBASSEMBLIES TO REPLICATE THE ORIGINAL 
SYSTEM? 


Qlib — CAN SYSTEM ENERGY PLANT PRODUCE ENOUGH ENERGY TO PERMIT REPLICATION 
OF THE ORIGINAL SYSTEM? 


Qic -— CAN SYSTEM ASSEMBLE MACHINES FAST ENOUGH TO REPLICATE THE ORIGINAL 
SYSTEM WITHIN ESTABLISHED TIME CONSTRAINTS? 


Qilc — CAN SYSTEM ENERGY PLANT PRODUCE ENOUGH ENERGY FAST ENOUGH (HIGH 
ENOUGH POWER) TO REPLICATE THE ORIGINAL SYSTEM WITHIN ESTABLISHED TIME 
CONSTRAINTS? 


SYSTEM COMPONENTS LISTS = C 


Cla, b,c 
C2a, b,c 
C3a, b,c 
Céa,b,c 
CSa, b, ¢ 
C6a, b,c 
C7a, b,c 
CBa, b,¢ 
C9a, b,c 
C100, b,c 
Cita, b,¢ 


SYSTEM COMPONENTS ACTION LIST =A 


— NEW MACHINES 
— NEW SUBASSEMBLY-MAKING MACHINES 


— MACHINES 

— SUBASSEMBLIES 

— PARTS 

— MATERIALS 

— MINERALS (SUBSTRATE) 
— TRANSPORTATION FACILITIES 
— VERIFICATION FACILITIES 
~ STORAGE FACILITIES 

— REPAIR FACILITIES 

— COMPUTER FACILITIES 

— ENERGY FACILITIES 


Ala, b,c 
A2a, b,c 


Alla, b,c — NEW ENERGY FACILITY-MAKING MACHINES 

Ata — Add new machines to make... 

Aatb — Add new machines to make... 

Arte — increase replication time available or change 
machine design for . . . 


Figure 5.7. Generalized closure engineering design cycles. (from 1980 NASA study,” at Section 5.3.6 and Figure 5.22) 


some initial design, then again to eliminate overclosure to obtain an 
optimized design. Each cycle is broken down into a succession of 
subiterations which ensure qualitative, quantitative, and through- 
put closure. In addition, each subiteration is further decomposed 
into design cycles for each factory subsystem or component.” A few 
subsequent attempts to apply closure analysis have concentrated 
largely on qualitative materials closure in machine replicator sys- 
tems while de-emphasizing quantitative and nonmaterials closure 
issues,''*8 or have considered closure issues only in the more lim- 
ited context of autocatalytic chemical networks.”°°”°8° However, 
Suh!!° has presented a systematic approach to manufacturing sys- 
tem design wherein a hierarchy of functional requirements and de- 
sign parameters can be evaluated, yielding a “functionality matrix” 
(Figure 3.61) that can be used to compare structures, components, 
or features of a design with the functions they perform, with a view 
to achieving closure. 

Partial closure results in a system that is only partially self-repli- 
cating. With partial closure, the machine system will fail to 
self-replicate if some vital matter, energy, or information input is 
not provided from the outside. For instance, various preliminary 
studies”6**-2° of the materials closure problem in connection with 
the possibility of macroscale “bootstrapping” in space manufactur- 
ing have concluded that 90-96% closure is attainable in specific 
nonreplicating manufacturing applications. The 4-10% that still 
must be supplied are sometimes called “vitamin parts.” (The classic 
example of self-replication without complete materials closure: 


Humans self-reproduce but must but take in vitamin C, whereas 
most other self-reproducing vertebrates can make their own vita- 
min C).?! In the case of macroscale replicators, vitamin parts might 
include hard-to-manufacture but lightweight items such as micro- 
electronics components, ball bearings, precision instruments, and 
other parts which might not be cost-effective to produce via auto- 
mation off-Earth except in the longer term. To take another ex- 
ample, partial information closure might imply that factory control 
or supervision is provided from the outside, perhaps (in the case of 
a lunar facility) from Earth-based computers programmed with 
human-supervised expert systems or from manned remote 
teleoperation control stations located on Earth or in low Earth orbit. 

Regarding closure engineering, Friedman?” observes that “if 96% 
closure can really be attained for the lunar solar cell example, it 
would represent a factor of 25 less material that must be expensively 
transported to the moon. However, ...a key factor ... which deserves 
more emphasis [is] the ratio of the weight of a producing assembly 
to the product assembly. For example, the many tons of microchip 
manufacturing equipment required to produce a few ounces of mi- 
crochips makes this choice a poor one — at least early in the evolu- 
tion — for self-replication, thus making microelectronics the top of 
everyone’s list of ‘vitamin parts’.” 

This conclusion makes sense for macroscale replicators but not 
for microscale replicators or nanofactory-based molecular manu- 
facturing systems. The replicator/product mass ratio for a several-ton 
microchip fabrication machine (itself containing a few ounces of 
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microchips) may be ~35,000 (i.e., several tons / several ounces). 
However, the Drexler manipulator arm (Section 4.9, Figure 4.29) 
that might be used for positional-assembly style molecular manu- 
facturing is composed of ~4 million atoms and has only ~50 parts 
(averaging 82,000 atoms/part), so a manipulator arm producing its 
own parts has a replicator/product mass ratio of only ~50. Further- 
more, if the microchip fabrication machine has a mean product 
cycle time of ~1 minute per chip (taking into account the multiple 
chips on each wafer), then the machine requires ~2 x 10° sec (24 
days) to fabricate its own mass of microchips. By contrast, the Drexler 
manipulator arm is designed for a 1 MHz atom placement rate, 
hence would fabricate its own mass of nanomachinery in ~4 sec, a6 
orders-of-magnitude improvement. 

It has been pointed out!?™ that if a system is “truly isolated in 
the thermodynamic sense and also perhaps in a more absolute sense 
(no exchange of information with the environment) then it cannot 
be self-replicating without violating the laws of thermodynamics.” 
While this may be true for systems with no onboard stores of raw 
materials, energy, and information, it should also be noted that a 
replicating system which achieves 100% closure is not “closed” or 
“isolated” in the classic thermodynamic sense. Materials, energy and 
information continue to flow into the system — it is thermody- 
namically “open” — but these flows are of local origin and could be 
managed autonomously by the replicator itself without need for 
direct human intervention or external supplementation. 

Our use of the term “closure” should also be carefully distin- 
guished from: (1) the “closure index” described by Russell and 
Kime”? in connection with computer fault diagnosis and “system 
closure” as used in fault-tolerant computing,” 2694 (2) the wide- 
spread use of the terms “form closure” and “force closure” in rela- 
tion to visual recognition?®? and parts grippers”©”° used in robotics 
manufacturing technology, (3) Pattee’s principle of self-organiza- 
tion known as semantic closure which allows open-ended evolu- 
tion,”?8!"38 and (4) other completely unrelated uses of “closure” 
in apparel manufacturing,”°” clinical psychology,” education,2°”” 


linguistics,?”° literature,7’°2707 trauma surgery,”/°? and various 
other disciplines.°° 7°71 


5.7 Massively Parallel Molecular Manufacturing 
Complex objects assembled from simpler components may be 
manufactured either serially or in parallel. In serial assembly, objects 
are manufactured one at a time by a stepwise manufacturing process. 
Examples include handcrafted unique items such as an antique pocket 
watch, classical industrial “mass production” items such as automo- 
biles which emerge only one by one at the end of a linear assembly 
line, or the traditional serial digital computer which executes instruc- 
tions one by one in a linear sequence. In parallel assembly, objects are 
manufactured along many pathways simultaneously or at many dif 
ferent sites, such as polysomes in living cells (multiple ribosomes trans- 
lating a single mRNA strand simultaneously), mask lithography depo- 
sition of multiple circuits simultaneously on a single semiconductor 
wafer, or the modern parallel computer which at any moment is ex- 
ecuting different instructions on thousands or even tens of thousands 
of independent processors in a highly parallel manner. Parallel manu- 
facturing systems could have many possible control/configuration 
architectures, analogous to: a SIMD (Single Instruction Multiple Data) 
approach;?”4 convergent (Section 5.9.4) or fractal?”°>?/°” assembly; 
agoric algorithms;’*”’®? stigmergy,77°87”” swarm,”!*?7!° amorphous 
computing,””!!7!? or agent-based”***!!"4 approaches; kinematic 
cellular automaton assembly lines;®}> or other manufacturing ana- 
logs taken from high-performance parallel computing®”’ such as SMP 
(Symmetric MultiProcessors),7”!27!® MPP (Massively Parallel Pro- 


cessors),~”!7 and NOWs/COWs (Networks/Clusters of Worksta- 
tions) 27142718 
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Biology provides perhaps the best example of the power of mas- 
sive parallelism in assembly. A single ribosome (Section 4.2), able 
to make a single protein as directed by a single molecule of messen- 
ger RNA, is a marvelous manufacturing system. Yet by itself, it would 
have little economic impact. But multiple millions of ribosomes, 
operating together in each living cell, can make all the proteins in a 
tree or — still more quickly — all the proteins in a rapidly growing 
kelp plant””!? which can grow up to six inches per day. 

The difference between serial and parallel processing is equally 
crucial in molecular manufacturing where the basic parts are very 
small. If a typical molecularly precise simple component is 1 nm? in 
volume, then to manufacture a single macroscale but molecularly 
precise 1 cm? product requires the assembly of 1000 billion billion 
(107!) individual simple molecular components. With serial manu- 
facturing, just one molecular component is handled at a time — 
even at a 1 GHz operating frequency it would take many thousands 
of years, clearly not economically viable. But with parallel manu- 
facturing, vast numbers of molecular components can be processed 
simultaneously, reducing batch processing times to days, hours, or 
even less. Massively parallel assembly is the key to the economic 
viability of molecular manufacturing. 

There are two principal pathways for achieving massively paral- 
lel assembly of molecularly precise physical structures: self-assem- 
bly and positional assembly. In commercial chemical synthesis, 
self-assembly usually takes place in fluid phase among mole (~10°9) 
quantities of reactant molecules, which interact to produce mole 
quantities of product molecules. In Seeman’s experiments!““* pro- 
ducing DNA-based structures and in other related experiments in- 
volving supramolecular or biomolecular self-assembly (Section 4.1), 
the yield of product objects per batch may be vastly less than mole 
quantities but is still quite large by conventional standards in 
macroscale manufacturing. The inherent parallelism of self-assem- 
bly is the main advantage of this pathway over positional assembly 
in manufacturing. 

In order to overcome this advantage and reap the full benefits of 
flexibility, precision and quality in 21st century molecular manu- 
facturing using positional assembly — also known (in the context 
of molecular manufacturing) as machine-phase nanotechnology — 
new techniques for massively parallel positional assembly must be 
developed. At least two such techniques have already been clearly 
identified: (1) massively parallel manipulator arrays and (2) 
self-replicating manipulator systems. 


1. Massively parallel manipulator arrays would use a very large 
array of independently actuated manipulation devices (e.g., scan- 
ning probe tips, robot arms, etc.) to process a very large number 
of molecularly precise components simultaneously to build a 
larger product object. In order to produce large numbers of 
nanoparts and nano-assemblies, massively parallel scanning 
probe microscope (SPM) arrays?7?°.272! and microscale 
SPMs?72?-2725 would be most convenient. Force-sensing devices 
such as piezoelectric,?””° piezoresistive,2’*” and capacitive?/28 
microcantilevers made it possible to construct microscale atomic 
force microscopes (AFMs) on chips without an external deflec- 
tion sensor. (We exclude fixed-tip arrays?’?975° in the follow- 
ing discussion.) In 1995, Itoh and colleagues”?! at the Univer- 
sity of Tokyo fabricated an experimental piezoelectric 
ZnOy-on-SiO? microcantilever array of ten tips on a single sili- 
con chip. Each cantilever tip lay ~70 microns from its neighbor, 
and measured 150 microns long, 50 microns wide and 3.5 mi- 
crons thick, or ~-26,000 micron?/device, and each of the devices 
could be operated independently in the z-axis (e.g., vertically) 
up to near their mechanical resonance frequencies of 145-147 
KHz at an actuation sensitivity of -20 nm/volt — for instance, 
0.3-nm resolution at 125 KHz. 
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“MILLIPEDE” Concept 
AFM-based Storage System: 
High Data Density But Low Data Rate 


> Highly Parallel Operation 


2D Cantilever Array Chip 


Multiplex-Driver = 


Storage media 
on xyc scanner 


Parallel probe scanning and lithography has been achieved by 
Quate’s group at Stanford, which has progressed from simple 
piezoresistive microcantilever arrays with 5 tips spaced 100 mi- 
crons apart and 0.04-nm resolution at 1 KHz but only one z-axis 
actuator for the whole array,”’* to arrays with integrated sen- 
sors and actuators that allow parallel imaging and lithography 
with feedback and independent control of each of up to 16 tips, 
with scanning speeds up to 3 mm/sec using a piezoresistive sen- 
sor.2733:2734 By 1998, Quate’s group had demonstrated?73>-274? 
arrays of 50-100 independently controllable AFM probe tips 
mounted in 2-D patterns with 60 KHz resonances, including a 
10 x 10 cantilevered tip array fabricated in closely spaced rows 
using throughwafer interconnects on a single chip, and this work 
continues.?743-2745 


MacDonald’s group at the Cornell Nanofabrication Facility pur- 
sued similar goals. In 1991, the team fabricated their first sub- 
micron stylus, driven in the xy plane using interdigitating MEMS 
comb drives,?74° including the first opposable tip pair. By 1993, 
they had produced a 25-tip array on one xyz actuator,2747.2748 
and by 1995 a complete working micro-STM (including xy 
comb drives) measuring 200 microns on an edge and a 
micro-AFM measuring 2 mm on an edge including a 1-mm 
long cantilever with a 20-nm diameter integrated tip on a 6-mi- 
cron high by 1-micron diameter support shaft.27492750 
MacDonald’s group then demonstrated tip arrays with 5 mi- 
cron spacings, exploiting the same process used to make the 
working micro-STM.?/5!:2752 With the same technology tips or 
small arrays of tips could be spaced 25-50 microns apart and 
integrated with individual z-axis microactuators, so that one 
xy-axis manipulator could support many tips with each tip hav- 
ing a separate z actuator. By 1997, the group?’>9 had built and 
tested an array of micro-STMs on the surface of an ordinary 
silicon chip, with each tip on a cantilever 150 microns long 
with 3-D sensing and control. The largest prototype array had 
144 probes,?7*4 arranged in a square consisting of 12 rows of 12 
probes each, with individual probe needles about 200 microns 
apart. Further development was to focus on increasing the range 
of movement and on fitting more and smaller probes into the 
same space. 
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Fabricated Array 


Integration in a 7 © 14 mm chip size of: 


*An array of 32 « 32 (1024) Cantilever 
* Approaching, leveling sensors (4) 

* Thermal sensors (4) 

+ Heaters 


Figure 5.8. Millipede concept of IBM Zurich Research Laboratory — schematic of cantilever tip array on a chip positioned over a flat surface 
indented with data-carrying Braille-like pits, shown at left; actual images of a fabricated array shown at right. (courtesy of IB 


M279>2756) 


Using conventional microlithography, researchers in the Mil- 
lipede project at IBM’s Zurich Research Laboratory?7>>27>° 
have fabricated scanning probe tip arrays of up to 1024 indi- 
vidual tips (Figure 5.8) to achieve terabit-per-square-inch data 
storage densities.?”°72758 Simpler mechanical ciliary arrays con- 
sisting of 10,000 independent microactuators on a 1 cm? chip 
have been fabricated at the Cornell National Nanofabrication 
Laboratory for microscale parts transport applications,?/>?:77 
and other ciliary array systems for parts presentation in 
microscale manufacturing have been reported by many others 
including the Fujita group,?”!-276 Bohringer and col- 
leagues,27°7-2777 Will’s group,?778-2784 Darling, Suh and 
Kovacs,?785-2787 and others.?/88-2793 Microcantilever arrays for 
“electronic nose”?794803 and other applications?00®200 
have also been constructed, in at least one case having mil- 
lions of interdigitated cantilevers on a single chip.7804 A 
probe-array-based “micro-factory” for site-specific deposition 
of desired molecular feedstock moieties from gas phase onto a 
planar workpiece surface has been proposed.?80 


Active probe arrays for dip-pen nanolithography using 
DNA-based “ink” have been developed by Mirkin’s 
group.7806-2813 At a Materials Research Society meeting in 
late 2002,706 Mirkin reported that his group had constructed 
an array of 10,000 microscope tips, each capable of acting 
independently from the others. By using 10 tips in concert 
they can draw essentially any desired shape. “The goal is to 
use dip pen nanolithography to generate [DNA-based] tem- 
plates on surfaces that guide the assembly of nanoscale build- 
ing blocks,” Mirkin says. “It opens the door to placing elec- 
tronic particles right where you want them. We think it’s 
ultimately going to be a production tool.... This is not going 
to stop at 10,000. We can make arrays of arrays.” Proteins 
can be laid down in similar manner. !*°> Another approach is 
the use of independently mobile multiple manipulator plat- 
forms such as the NanoWalker system under investigation 
by Martel’s group.?8!428!7 Martel envisions a fleet?®!8 of such 
wireless instrumented microrobots collectively forming a 
nanofactory system that could be used for positional 
nanomanufacturing operations. 
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Yet another alternative is Zyvex’s Rotapod™ exponential as- 
sembly design concept (Section 4.17),°”° in which a single 
robotic arm on a wafer (Figure 4.52) makes a second robotic 
arm on a facing surface by picking up micron-size 
lithographically-produced parts — carefully laid out in advance 
in exactly the right locations so the tiny robotic arm can find 
them — and assembling them (Figure 4.53). The two robotic 
arms then make two more robotic arms, one on each of the two 
facing surfaces. These four robotic arms, two on each surface, 
then make four more robotic arms. This process continues with 
the number of robotic arms steadily increasing in the pattern 1, 
2, 4, 8, 16, 32, 64, etc., until some manufacturing limit is reached 
(e.g., both surfaces are completely covered with tiny robotic 
arms). Thus a single manipulator uses supplied parts to build a 
large manipulator array (Figure 4.54) which can subsequently 
undertake the desired massively parallel manufacturing opera- 
tions. However, the present Rotapod!™ manipulator design is 
still under development as it requires more precision to achieve 
flexible and molecularly precise fabrication. In 2001, Zyvex was 
awarded a $25 million, five-year, National Institute of Stan- 
dards and Technology Advanced Technology Program 
(NIST-ATP) government contract to develop prototype 
microscale assemblers using microelectromechanical systems 
(MEMS) and nanoelectromechanical systems (NEMS) for pro- 
totype nanoscale assemblers.2247 


2. Self-replicating manipulator systems achieve massively paral- 
lel assembly first by fabricating copies of themselves, then al- 
lowing those copies to fabricate further copies, resulting in a 
rapid increase in the total number of systems. Once the popula- 
tion of replicated manipulator systems is deemed large enough 
(Section 5.9.6), the manipulator population is redirected to pro- 
duce useful product objects rather than more copies of itself. 
Self-replicating systems are widely found in natural biological 
systems but have not been pursued explicitly in macroscale 
manufacturing for at least two reasons: (1) the widespread but 
erroneous perception of great technical difficulty, and (2) the 
correct perception that such massive parallelism is unnecessary 
for traditional macroscale manufacturing. Nevertheless, ever 
since John von Neumann's theoretical studies of replicating sys- 
tems in the 1940s and 1950s, and the well-known 1980 NASA 
engineering study of self-replicating lunar factories (Section 
3.13), manufacturing automation has been slowly progressing 
toward the goal of the fully self-replicating factory — including 
most notably Fujitsu Fanuc’s nearly “unmanned” robot factory 
in Yamanashi Prefecture that uses robot arms to make robot 
arms (Figures 3.13 and 3.14). It’s worth recalling that 
self-replicating systems can be fully remote-controlled, fully au- 
tonomous, or any combination in between. 


Both parallel manipulator arrays and individual replicators can 
be “self-replicating.” The parallel arrays can build additional paral- 
lel arrays, after which the collective population of array manipula- 
tors builds useful products. Similarly, the individual replicators can 
build additional individual replicators, then the collective popula- 
tion of replicators builds useful products. Each approach offers cer- 
tain advantages and disadvantages — array systems can be more 
efficient due to positional specialization of workflow processing, 
while individual replicators are more tolerant of single-component 
failures — but both approaches exemplify “self-replication.” 

In the last few years there has been renewed research interest in 
the challenge of mechanical self-replicating systems, in part due to 
the realization that replication can be a fundamentally simple pro- 
cess. For example, Joseph Jacobson at the MIT Media Lab suggests!??° 
that “to be useful for many applications, engineered systems must be 
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able to manufacture multiple copies. Self-replicating systems may 
be useful in attaining that goal and it represents a new discipline in 
engineering.” Today there are several ongoing university research 
programs, both theoretical and experimental, on mechanical 
(nonbiological) self-replicating machines, as described elsewhere in 
this book. The biotechnology and molecular engineering commu- 
nities are just beginning to seriously study mechanical replicators 
operating in the nanoscale size domain (Sections 4.4 and 4.5). Cur- 
rent methods of self-assembly, while allowing massively parallel as- 
sembly, lack the flexibility, precision and quality that are needed for 
21st century molecular manufacturing. Current methods of posi- 
tional assembly, including massively parallel manipulator arrays and 
self-replicating manipulator systems, should allow molecularly pre- 
cise massively parallel assembly, although further theoretical and 
experimental work will be required to fully realize this capability. 


5.8 Software Simulators for Robots and Automated 
Manufacturing 
Valenti Pineda,'*!* an industrial robotics and automation engi- 
neer, notes that in common practice the use of accurate software 
simulators can save a lot of time, money and effort in a project, and 
also “are sometimes a powerful argument to convince a customer to 
make an investment when they see a virtual factory performing vir- 
tual work with their name written somewhere in the working cell.” 
Some of the benefits of simulators in industrial robotics may be 
applicable to robotic/automated replicators, including: (1) calcula- 
tion of the optimum layout that favors industrial processes needed 
for the fabrication of the replicated unit; (2) calculation and verifi- 
cation of job concept before undertaking the real work, allowing a 
determination of which operations are possible and which ones are 
not; (3) optimizing the design of devices, pieces and sub-assemblies 
for most effective grasping, recognition and reaching the position 
effectively by robots; (4) deciding how many robots and devices are 
required to successfully complete the operations; (5) optimization 
of required resources prior to the hardware implementation; and 
(6) operational testing of all the above to verify and overcome posi- 
tioning problems.!?! 

Besides robotics simulators, many other types of software may help 
in the design and testing of replicators. For example, 3-D drawing 
software (e.g., SolidWorks, AutoCAD (AutoDesk), 3D Studio Max, 
etc.) allows the engineer to see what the best assembly process should 
be and to simulate pieces in motion. The 3-D files can be exported 
back to robotic simulation software (e.g., CimStation Robotics,7°!” 
Deneb/IGRIP (Interactive Graphics Robot Instruction Program),*°”° 
MotoSim,7*”! WorkSpace,”°? and mobile robotics simulators?74), 
using which various aspects of robotic manufacturing operations can 
be tested — including kinematics, dynamics, motion planning, veri- 
fication of production concepts, workcell designs, and manufactur- 
ing processes — prior to physical implementation. Design for As- 
sembly software tools facilitate development of multilevel assemblies, 
sequences, part paths and process documentation.”°”4 Other types of 
software permit testing of wear, thermal stress, mechanical stress, and 
so forth. The use of visual programming languages (e.g., Visual Basic 
or Visual C++) also permits the simulation of chemical or physical 
processes implementing equations in the program and showing a vi- 
sual output of the processes, such as the simulation of an expert sys- 
tem controlling a chemical reactor.!7!4 General purpose manufactur- 
ing process simulation packages such as Flexsim,”*?> ShowFlow”*”° 
and SimCAD?®” are well known. 

At the high end of complex machine design, we have, for ex- 
ample, the comprehensive 3-D modeling tools of Dassault Systems, 
which Boeing used in the early 1990s to create the world’s first en- 
tirely digitally designed aircraft (thus avoiding the expense of creating 


Issues in Kinematic Machine Replication Engineering 


physical prototypes). Subsequent generations of this software are 
now being used to implement “product lifecycle management,” sug- 
gesting a coordinated process by which thousands of engineers lo- 
cated around the world might, in the future, cooperate in the de- 
sign of a single complex nanorobotic system containing millions of 
parts and billions of atoms. Explains one writer,”””® of the Boeing 
effort: “If the supplier of a section of the fuselage, say, decides to 
move the location of a door by 2 inches, that will affect the design 
of everything around it, from the placement of windows to the lo- 
cation of hidden wiring bundles. In the past such a change in the 
door would require weeks to redesign adjoining parts. Dassault’s 
software instead will allow designers anywhere to instantly know 
how a modification in their piece of the [aircraft] will affect every 
other part of the plane. The software will also allow Boeing to simu- 
late the way the plane will be assembled in the factory before a 
single piece of machinery is purchased, [avoiding] costly delays if 
engineers need to rejigger factory bottlenecks. The software can also 
simulate wear and tear over many years to predict, for instance, 
when a hydraulic pump is likely to fail.” 


5.9 Brief Mathematical Primer on Self-Replicating 
Systems 

Given the vastness of the replicator design space (Section 5.1.9), 
it is impossible in the limited space available here to attempt even a 
balanced summary of the mathematics of self-replication that might 
apply to each class of replicator. Each of the 137 design dimensions 
described in Section 5.1.9 requires a painstaking mathematical analy- 
sis whose full specification lies considerably beyond the scope of 
this book. We will describe here only a few of the most basic con- 
cepts, including Fibonacci numbers (Section 5.9.1), exponential 
population growth strategies (Section 5.9.2) and limitations (Sec- 
tion 5.9.3), and finally the general performance of convergent as- 
sembly manufacturing systems (Section 5.9.4), power law scaling 
(Section 5.9.5), and design tradeoffs related to nanofactory process 
specialization (Section 5.9.6). 


5.9.1 Fibonacci’s Rabbits 

Leonardo Fibonacci (1175-1250) was the greatest European 
mathematician of the Middle Ages. His full name was Leonardo 
of Pisa, or Leonardo Pisano in Italian since he was born in Pisa, 
the city with the famous Leaning Tower.”*”8 In his first book,”°”? 
originally published in 1202, Fibonacci introduces the following 
problem: 

A pair of rabbits are put in a field and, if rabbits take a month to 
become mature and then produce a new pair every month afier that, 
how many pairs will there be in twelve months time? 


Number 
of pairs 


1 
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In his solution to this puzzle, Fibonacci assumes that no rabbits 
ever escape and none die, and no extra rabbits are introduced into 
the field except those born from this original pair. He puts a new- 
born pair of rabbits, one male, one female, in a field and allows the 
rabbits to mate at the age of one month so that at the end of its 
second month a female can produce another pair of rabbits. He 
further assumes that the female always produces one new pair (one 
male, one female) every month from the second month on. The 


course of rabbit reproduction, illustrated in Figure 5.9, proceeds as 
follows:7°?8 


Start of Month 1: The rabbits are placed in the field but have 
not mated; there is only 1 pair. 

The rabbits mate; there is only 1 pair in the 
field. 

The female produces one new pair; there are 
now 2 pairs in the field. 

The original female produces a second pair; 
there are now 3 pairs in the field. 

The original female has produced yet another 
new pair, the female born two months ago 
produces her first pair also; there are now 5 
pairs in the field. 

..and so on, adding the latest two numbers 
to get the next one. 


End of Month 1: 
End of Month 2: 
End of Month 3: 


End of Month 4: 


End of Month 5: 


The total number of pairs of rabbits in the field at the start of 
each month, counting from month n = 1, is: 1, 1, 2, 3, 5, 8, 13, 21, 
34, 55, 89, 144, and there are 233 pairs at the end of month 12. 
The French mathematician Edouard Lucas (1842-1891)783°-783? first 
gave the name “Fibonacci numbers” to this series. The Fibonacci 
sequence appears extensively in nature,7°9>75*4 especially in botany. 

To express this progression mathematically as a recurrence rela- 
tion,”°5> we define F(n) as the number of pairs of rabbits in the 
field at the start of month n. Then F(0) = 0, F(1) = 1, and: 


F(n) = Fa 1) + F(n—2) (Eqn. 1) 
for n > 1. The number of pairs at the end of month n is simply: 
Fenq(n) = F(n + 1) (Eqn. 2) 


and the total elapsed time is t = nt, where Tt is the replication (or 
gestation) time, the units of time required for each replication cycle 
to be completed. t = 1 month in this example. 

Interestingly, the ratio of successive Fibonacci numbers, F(n — 1) / 
F(n — 2), approaches a constant value as n — %. The constant 
(phi) is often called the golden mean (Euclid?®*), the golden sec- 
tion (Leonardo da Vinci), the golden ratio, or the golden number 
(see value, below). is given explicitly by the relation: 


Figure 5.9. Successive genera- 


|Family Tree of Rabbits 


tions of Fibonacci’s rabbits. 


‘ (courtesy of Ron Knott?®?8) 
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g=(1+5'7)/2 (Eqn. 3) 


and according to Binet’s formula for the nth Fibonacci number (ap- 
parently actually devised first by the mathematician A. de Moivre 
in 1730, more than a century before J.P.M. Binet rediscovered it in 
1843),78” the nth value of the Fibonacci series is given exactly by: 

F(n) = (p= (-)) 151? (Eqn. 4) 
for all positive integers n, where @ = 1.61803 39887 49894 84820 
45868 34365 63811 77203 09179 80576 .... Knott?®°8 points out 
that since abs(— (-))™) < 1 for n > 0, the influence of this term 
decreases rapidly with increasing n, allowing the exact formula to 
be simplified further to: 


F(n) = round(o" / 51/7) (Eqn. 5) 


where the “round” function gives the nearest integer to its argument. 

The rabbit formula (Eqn. 4) assumes that newborn rabbits are 
“birth-immature replicators” — they require some length of time 
(one cycle in this example) to mature before they can begin repro- 
ducing at the rate of one offspring per cycle. Taneja and Walsh'°”? 
have generalized the rabbit formula to allow for a variable matura- 
tion time Tats Where Tma/t = 1, 2, 3, 4, ..., showing that the num- 
ber of pairs at the end of n cycles is: 


Frnat(0; Tmar/t) = M(1) + M(2) +... + M(n) 
1 <n (Tma/t + 1) 


(Eqn. 6) 


Frnat(; Tmar/t) = 2M(n — 1) + M(n — 2) +... + M(n— 1 — Tat/T) 


n= (Tma/T + 2) (Eqn. 7) 
M(1) = M(2) =... = M(tmar/t +1) = 1 (Eqn. 8) 
M(n) = M(n— 1) + M(n — 1 — Tyar/T) (Eqn. 9) 


n = (Tmar/T + 2) 


where M(n) is the number of adult replicators (capable of replication) 
in the nth cycle. Birth-immature replicators that require more than 
one cycle to reach maturity may be called “extended-maturation 
replicators.” Note that human beings are very extended maturation 
replicators, with Tmat/t ~ 17.0 currently in the United States, assuming 
a replicator gestation time of t = 0.736 year (~9 months) and a replicator 
maturation time of Tmat = 12.54 years, the average age of menarche 
(first menstruation) for U.S. females during 1988-19947899 (cf. 12.75 
years during 1963-1970 in USS.,7°? 12.9 years in U.K.,284° and from 
12-18 years across various cultures and throughout history**“), 

Phares and Simmons”* have derived a sum rule for the gener- 
alized form of the Eqn. 1 recurrence relation F(n) = a-F(n — 1) + 
b-F(n — 2), where a and b are arbitrary constant coefficients that 
could perhaps be used to represent post-pregnancy alterations in 
replicator fecundity. 


5.9.2 Strategies for Exponential Kinematic Self-Replication 
Fibonacci’s rabbits must wait one time period to mature before 
they can begin replicating, markedly slowing the population growth 
rate. But consider a replicator that is a fully functional adult device 
from birth and can immediately begin the construction of its own 
daughter without waiting. Such entities may be called “birth-ma- 
ture replicators.” At the end of the first cycle (n = 1), there are 2 
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adult devices, the first having constructed the second. At the end of 
the second cycle (n = 2), there are 4 adult devices, each of the 
first-cycle devices having constructed their own copies. The series 
progression, starting from the end of the first replication cycle, is 
therefore 2, 4, 8, 16, ..., and so the population of birth-mature 
replicators follows the simple exponential law: 


P(n) = 2" (Eqn. 10A) 


P(t) = 2" (Eqn. 10B) 


after n cycles have elapsed; P(n) > F,,g(n) for all n > 0. Note that the 
replicator population can be restated as P(t) in terms of t, the total 
elapsed time since replication began, and the replication time t, the 
time a replicator requires to complete a replication cycle. 

Even faster population growth Pgs(n) > P(n) may be obtained 
by placing each completed subunit of the daughter that is currently 
being built into full productive use immediately, instead of waiting 
for the final completion of the daughter device. There are many 
design configurations where something close to this can be achieved 
efficiently, most notably the factory models (e.g., Sections 3.11, 
3.13.2.2, 3.15, 4.9.3, 4.14, and 5.9.6) wherein more specialized 
subunits within the factory (e.g., an individual lathe) could be pressed 
into immediate service prior to completion of the entire factory 
(Freitas and Gilbreath,” Section 5.3.5 at p. 218; see also “Operat- 
ing-Subsystem-in-Process Replication”, Section 5.1.8), and there has 
been at least one experimental demonstration of this by the 
Chirikjian group (see “Robot 4” in Section 3.23.2 and Figure 3.75). 

Let us consider that the replication cycle is divided into k time 
segments, such that at the end of each time segment all compo- 
nents built during that time segment can begin fully contributing 
to replicative activities. For k = 1, the base population of fast 
replicators pfas:(1) = 1 + 1 (replicator plus daughter) = 2 devices, at 
the end of the n = 1 cycle. For k = 2, at the end of half a cycle, the 
original replicator has built half a daughter, and that half now en- 
ters service. By the end of the replication cycle, the second half of 
the daughter has been built by the original replicator and the daugh- 
ter has also had half a cycle to begin construction of a granddaugh- 
ter device, which is now one-quarter completed; hence pfys(1) = 1 + 
2-(1/k) + 1-(1/k)? = 2.25 devices. For k = 3, prast(1) = 1 + 3-(1/k) + 
3-(1/k)? + 1-(1/k)? = 2.37 devices; for k = 4, prast(1) = 1 + 4-(1/k) + 
6-(1/k)? + 4-(1/k)? + 1-(1/k)4 = 2.44 devices produced during the n 
= 1 replication cycle. Since the coefficients of each term are hori- 
zontal elements of Pascal’s triangle,* which is a two-dimensional 
number array constructed by sequential addition much like Fibonacci 
numbers, it can be shown that pfas:(n) = prase(n, 1) + Pfasr(n, 2) +... 
is an infinite series with the individual terms: 


Pfast(n, 1) = 1 (constant) 

Prast(n, 2) = [k] - (1/k) > 1/(1) ask > & 

Prast(n, 3) = [(k? —k)/2] - (1/k)? = (1/2) — (1/(2k)) = 1/(2!) as k > 20 
P 


ast(0 4) = [(k? = 3k? + 2k)/6] * (1/k)> 
= (1/6) — (1/(2k)) + 1/(3k*)) > 1/3!) ask > % 


Pfast(n, 5) — 1/(4!) as k — 09, and so forth, for n = 1 cycle, 


* The French mathematician Blaise Pascal described a triangular arrangement of numbers — now called Pascal's Triangle’? — that are useful in algebra and probability 
theory, in which every number in the interior of the triangle is the sum of the two numbers on either side directly above it: 


1 


1 1 
1 2 1 
1 3 3 1 
1 4 6 4 1 
id 5 10 10 5 
1 6 15 20 15 6 


n=0 

n=1 

n=2 

n=3 

n=4 

d, n=5 
1 n=6 
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Table 5.4. Replicator population after 20 cycles resulting from several different replication strategies, assuming 1 daughter 


per generation per replicator 


Replicator Population after n Replication Cycles with tat/t = 2 in first example 


Extended-Maturation 
Replicators Fmat(N, Tmat/T) 


Number of 
Replication Cycles (n) 


Birth-Immature 
Replicators Feng(n) 


Birth-Mature 
Replicators P(n) 


Prenatal-Active 
Replicators Pras¢(n) 


1 1 1 2 2.7 
2 2 2 4 7.4 
3 3 3 8 20 
4 4 5 16 55 
5 6 8 32 148 
6 9 13 64 403 
7 13 21 128 1097 
8 19 34 256 2981 
9 28 55 512 8103 
10 41 89 1024 22,026 
11 60 144 2048 59,874 
12 88 233 4096 162,755 
13 129 377 8192 442,413 
14 189 610 16,384 1,202,604 
15 277 987 32,768 3,269,017 
16 406 1597 65,536 8,886,111 
17 595 2584 131,072 24,154,953 
18 872 4181 262,144 65,659,969 
19 1278 6765 524,288 178,482,301 
20 1873 10,946 1,048,576 485,165,195 


whose sum converges to prs(n) = 1 + 1/(1!) + 1/(2!) + 1/3!) + 
1/(4!) +... = e = 2.71828...., for n = 1 cycle. Hence: 


Prase(n) = [Pfast(n)]" = 60 


Prase(t) = el 


in the limit as k —> %, providing another example of exponential 
growth. Table 5.4 shows the replicator populations resulting from 
each of the four modes of replication discussed so far: Prs:(n) > P(n) 
> Fend(n) > Fmar(n, Tma/t) for n > 3, and after n = 20 replication 
cycles, [Pfas(20) ~ 10°] >> [P(20) ~ 10°] >> [Feng(20) ~ 104] > 
[Fmar(20, Tmar/t = 2) ~ 10°). Clearly, the choice of replication strat- 
egy produces significantly different population growth rates. 

So far we have considered only replicators that produce a single 


(Eqn. 11A) 


(Eqn. 11B) 


offspring during each replication cycle. If each replicator can pro- 
duce D daughters per generation — i.e., a “litter” of D offspring 
per pregnancy, rather than just a single daughter per pregnancy — 
then for birth-mature replicators:* 


P(n) = (D+ 1)” (Eqn. 12A) 

P(t) = (D+1)"* (Eqn. 12B) 
and for prenatal-active replicators: 

Prase(n) =D*.é (Eqn. 13A) 

Prase(t) = (D : e) as (Eqn. 13B) 


after n cycles have elapsed, for D > 0, n > 0. While D > 1 gives much 
higher populations at any given number of cycles than for D = 1, the 
replication time t will correspondingly be longer for D > 1 because 
more mass must be replicated in each cycle. In the simplest case, 
making twice as many daughters requires replicating twice as much 
mass, which takes twice as much time at a constant production rate, 


hence t / to ~ D, where to is the replication time for D = 1 daughter 
per litter. In this simple case, Eqns. 12 and 13 predict that the 
population-maximizing strategy is to minimize the number of daugh- 
ters, i.e, D = 1 yields the fastest population growth rate. What if the 
manufacturing time per daughter can be made smaller for additional 
daughters by some technical means (e.g., “cheaper by the dozen’; see 
Section 5.9.6)? The population growth-neutral replication time de- 
pendency is Treutral / To = loga(D + 1) for birth-mature replicators and 
Tneutral / To = 1 + log-(D) for prenatal-active replicators. That is, if 
T =Tneutral then choosing any number of daughters per litter gives the 
same population growth rate. If T > Theutrals as where T / to ~ D in the 
simplest case above, then minimizing the number of daughters per 
litter maximizes the population growth rate. If T < Tneutraly then maxi- 
mizing the number of daughters per litter maximizes the population 
growth rate. Tradeoffs among these variables should be more system- 
atically investigated. 

In the case of the Merkle Cased Hydrocarbon Assembler (Sec- 
tion 4.10.2) where the parental birth-mature replicator is destroyed 
after each generation is completed, from Eqn. 12A the replicator 
population is only P(n) = D® after n generations with D daughters 
per generation. If a constant time is assumed to be required to as- 
semble each daughter machine and if there is no lag time between 
completing one cycle and beginning the next one, then the total 
number of replication cycles N = nD, hence P(n) = DN’”. Taking 
the derivative with respect to D using the general power rule for 
differentiation, (0/9D)P(n) = (1 —In(D)) - DO) which goes to 
zero when the replicator population P(n) is maximized. For D > 0, 
then (0/0D)P(n) = 0 occurs when 1 — In(D) = 0; that is, when 
D =e =2.718... ~ 3, the optimum number of daughters. (Thanks 
to C. Phoenix for inspiring this analysis.) 

In the case of birth-immature replicators (e.g., Fibonacci rabbits 
or human beings), Darbro and von Tiesenhausen'””° report that if 


* Star Trek’s fictional “Tribbles” are furry earless rabbits that are said to be “born pregnant” and to produce a litter of D = 10 offspring every 12 hours,**“ so three days of 
unconstrained replication (n = 6) produces a total population of 1,771,561 animals, using Eqn. 12 for birth-mature replicators. 
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these replicators are allowed to produce D = 2 pairs of offspring per 
replication cycle instead of just D = 1 pair of offspring, and keeping 
Tmat/t = 1, then the original “rabbit formula” (Eqn. 4) for total 
rabbit-pair population F.,4(n, D) after n replicative cycles becomes: 


Fp-a(n) = [(9*7 - py) 1517] - 1 (Eqn. 14) 


Fena(n, D) = Fp-2(n + 1) 
= (or? a (-)-@*9)) / 512] =| for D=2 


For birth-immature replicators with D > 2, “some similar expres- 
sions may be derived [but] they are not so compact”;'””° some formu- 
lations have previously been addressed by Hoggatt and Lind.”6“° The 
authors are unaware of any similar calculations for extended-maturation 
replicators (Tma/t > 1) with D > 1 that have been published. 

Interestingly, a similar set of formulas applies in the financial 
world, wherein the growth of a given quantity of money is depen- 
dent upon the interest rate, “discount” rate, or rate of return. For 
example, if an initial quantity of money $9 earns an annual interest 
rate of i and is allowed to compound mg = 1 times every year, then 
the quantity of money after a period of Y years is given by $(n) = $o 
- (1 + i/ms)" where n = msY is the number of compounding periods 
elapsed. In the case of a 100% annual interest rate, the original 
money doubles or “replicates” itself in one year if compounded only 
once (mg = 1), soi = 1.00 and $(n) = $o - (1 + (1/mg))" = $9 - 2” 
which is equivalent to Eqn. 10 for birth-mature replicators.* In 
the limit as compounding becomes continuous (mg —> %), then 
$(n) = $9 - e" which is equivalent to Eqn. 11 for prenatal-active 
replicators. In a properly functioning capitalist economy, money 
acts much like a self-replicating entity, with an initial invested 
amount producing more of itself over time. 


(Eqn. 15) 


5.9.3 Limits to Exponential Kinematic Self-Replication 

All of the foregoing scenarios assume that a fecund replicator con- 
tinues replicating indefinitely — that is, that the replicators are im- 
mortal. From a pragmatic engineering perspective it is likely that a 
fecund replicator will become senescent or damaged after some finite 
number of replications, or, even if still healthy, might be diverted to 
nonreplicative activities once the population of replicators has grown 
large enough. In 1980, both von Tiesenhausen and Darbro!088:100 
and Valdes and Freitas'’®? examined artificial self-replicating systems 
in which each replicator device is assumed to produce only a fixed 
number Nreplica Of replicas (constructed at the rate of one daughter per 
replicative cycle per parent replicator, i.e., litter size D = 1) for a fixed 
number of generations G, after which time replicative activity ceases 
and useful production (i.e., nonreplicative activity) begins. In this 
case, the total population P (replica, G) of replicators at cutoff, when 
replication stops, is given by: 


P(Mreplicas G) = Gaia = 1) / (Mreplica = 1) 


where the number of replication cycles required to reach cutoff is 
n = G MNeplica- and the time to reach cutoff is teuroff = nt, where T is 
the replication time, the units of time required for each replication 


(Eqn. 16) 
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=2,G=3 


n replica 


Figure 5.10. Tree diagram of generation-limited replication for 
Neeplica = 2, G = 3. (revised from von Tiesenhausen and Darbro!88) 


cycle to be completed.'°8°!°° Figure 5.10 shows a tree diagram of 
one case of generation-limited replication, /°88 and McCord!” has 
created a matrix notation to efficiently represent the state vector of 
the generation-limited replicas. 

We can also examine the limited-replica instance of Eqn. 12, 
wherein Nreplica = D. That is, each replica gets only one pregnancy, 
produces a single brood of D daughters, and then stops any further 
replicative activities; each daughter also gets one pregnancy, and so 
forth. Von Tiesenhausen and Darbro'®8*!”” find that the total popu- 
lation Ponebrood(n) after n replicative cycles is given in this case by: 


Ponebrood(2) = (ie = 1) ‘ (Nreplica = 1) (Eqn. 17) 


For example, taking Nreplica = 2 then after n = 2 replicative cycles, 
Ponebrood(2) = 7 because the original replicator has produced two 
daughters during the first cycle and then ceased further replication, 
making 3 extant devices, and each of the two daughters subsequently 
has produced two daughters of their own during the second cycle 
and then ceased replication, adding 4 granddaughter devices for a 
total of 7 devices extant. This may be contrasted with the case of 
unlimited broodnumber assumed for Eqn. 12, which for D = 2 and 
n = 2 gives P(2) = 9 because the original replicator can produce 
another two daughters during the second cycle, adding 2 more de- 
vices to the previous total of 7. 

Continuous exponential growth is only possible for populations 
of replicators having (1) access to an abundance of material, energy, 
and information inputs, (2) unrestricted disposal of material and en- 
ergy outputs so that these outputs will not interfere with replicative 
activities, (3) no geometric constraints on the positioning or mobility 
of the physical replicator or any of its external support facilities, and 
(4) freedom from excessive inherent mortality (i-e., mean replicator 
lifespan < Tmar Or T), predation, or other programmatic or external 
restrictions on replication rate or survivability. If replicators are con- 
strained in any of these operational dimensions, then their popula- 
tion may no longer be able to achieve exponential growth and may 
instead revert to polynomial** or other patterns of growth, or may 
even cease to grow at all. 


* According to one version?%**#9 of an ancient parable on compound interest, after a wise man performs a useful service for a king in India and the king insists that the man 
name a reward, the wise man agrees to take one grain of rice for the first square on the king’s chessboard on the first day, two grains for the second square on the second 
day, and so on, doubling the amount daily for all 64 squares of the chessboard. The king, too proud to admit his inability to calculate the sum total of the gift, foolishly grants 
the wish, at least until it becomes clear that it will wipe out the royal granary (he has committed to deliver 2% = 18,446, 744,073, 709,551,616 grains of rice or ~1 trillion 
metric tons, or 2600 times the world production of milled rice in 2002).?9% Finally, despite his pride the king takes back his repayment, justly embarrassed because of his 
stupidity and the wise man’s obvious generosity in not wanting repayment in the first place. Other versions of this folktale have similar events occurring in China,” Persia, 
or Japan, and there are darker accounts in which the king is outsmarted by a peasant who is ordered killed when the king discovers his own error. 


** A power law relates one variable to another raised to a constant power, with the general form of y = x", where y and x are variables and a is a constant exponent or 
“power.” A polynomial in x is a sum of various powers of x and their positive or negative multiples. The highest power of x which occurs in an equation of growth is called 
the degree of the polynomial. A polynomial of degree 1 (y = ax + b) is called linear; a polynomial of degree 2 (y = ax’ + bx +c) is called quadratic; a polynomial of degree 
3 (y= ax? + bx’? + cx +d) is called cubic, and so forth. If the polynomial has an infinite number of powers of x whose terms are summed together, it becomes an “exponential” 
or “power” series. We have seen an example of a power series in Eqn. 11 in which the sum of the series reduces to the general form of y = a’, where y and x are variables and 


ais aconstant base, in this case the natural logarithm e. 
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END PRODUCT 
ASSEMBLY 
SYSTEM 
(EPS) 


Figure 5.11. Growth plan overview ofa field of self-replicating factories on a planetary surface. (courtesy of Georg von Tiesenhausen, NASA/ 


Marshall Space Flight Center) !°%* 


For example, exponential growth is not possible for indefinite 
periods of time on a surface which is the sole fixed source of vital 
material inputs to a population of replicators (e.g., a lunar factory 
metabolizing only in situ lunar materials), if population growth 
occurs via symmetrical radial expansion without shape change or 
re-siting of units.'°”> Plane surfaces have only a small number of 
allowed symmetric repetitive structures.7°46 On such surfaces the 
only possible shapes allowed for contiguous identical units are shapes 
whose symmetry angles in revolution are 120°, 90°, and 60° — angles 
given by 360°/p for p = 3, 4, or 6 corresponding to triangular, square, 
or hexagonal symmetry:!°”? “For these shapes the exponential growth 
rate (2)" stops at n = 3, 4, and 5 respectively, where n denotes the 
number of generations. Once p sides are used up in casting off rep- 
licas, no doubling can occur by the unit whose sides are closed off. 
For a hexagonal SRS (replicator), the sixth side is closed off by neigh- 
bor growth before the SRS can produce a sixth replica. Exponential 
growth on the surface of a planetary body is thus possible only for a 
few generations. After sufficient generations, replication on a sur- 
face can continue only by those replicating systems at the boundary 
of the SRS population (Figure 3.91). The size of the boundary in- 
creases as the square root of the population area and the number of 
systems, thus the growth is given by a quadratic rule” of the form 
P = An’ + Bn + C, where P is the total number of self-replicating 
systems (SRS), n is the number of replicative cycles elapsed, and A, 
B, and C are constants defined by geometric and replicator design 
constraints. (Taneja and Walsh!°”’ give one example of a 4-fold (ad- 
jacent squares) symmetrical layout strategy with A = 2, B =-6, C =8.) 
The transition from exponential to polynomial population growth 
can be postponed by placing initial growth nuclei at numerous 
well-separated locations (Figure 5.11) so that replicators will not 
interfere with resource scavenging and other replicative activities of 
neighboring devices. But as the interior area is filled in, exponential 
growth is no longer possible as the maximum carrying capacity of 
the resource environment is approached — replication has become 
resource-limited. 


In population dynamics, this situation is often modeled using a 
logistic equation of the form: 


N(t + 1) = N(t) - exp[Rimax « (1 — (N(0)/K))] 


where N(t) is the number of replicators at time t, Rmax is the maxi- 
mum unconstrained population growth rate (net of reproduction 
and mortality), and K is the maximum replicator carrying capacity 
of the environment. If N(t) < K and approaches K, growth slows to 
zero as population rises to a plateau, producing the familiar S-shaped 
logistic curve. 

Freitas (Advanced Automation for Space Missions,” Section 5.4.4) 
has also pointed out that no expanding population can disperse faster 
than its medium will permit, regardless of the speed of manufac- 
ture. In the context of a hypothetical far future space exploration 
program, an expanding spherical population of self-replicating in- 
terstellar probes can exhibit exponential population growth of N(t) 
= e" if new replicators are produced relatively slowly so that enve- 
lope expansion velocity does not constrain dispersal (in which case 
other constraints will come into play). However, if unit replication 
is so swift that multiplication is unconstrained by replication time, 
then the population can grow only as fast as it can physically dis- 
perse — that is, only as fast as the expansion velocity of the surface 
of the spherical outer envelope — or according to: 


N(t) = (40/3) - d- (Vt)? (Eqn. 19) 


where V is peak dispersion velocity for individual replicators at the 
periphery and d is the number density of useful sites for replication 
(e.g., uninhabited solar systems). Figure 5.12 shows the transition 
from exponential to polynomial (a cubic polynomial, in t) popula- 
tion growth when slow (t = 500 yr) but exponentiating replicators 
encounter a V = 10% c (c = speed of light) velocity constraint dur- 
ing their expansion; replication in this case is mobility-limited. 
Replication can also be mortality-limited, whether intrinsic to 
the system or externally imposed. For instance, the exponential 
model of self-replication in population dynamics, commonly asso- 
ciated with Thomas Robert Malthus (1766-1834),284” assumes that 


(Eqn. 18) 
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Figure 5.12. Limits to exponential and polynomial expansion of 
self-replicating interstellar probe populations dispersing throughout 
the galactic disk. (from Freitas and Gilbreath” at Figure 5.24) 


replication is continuous (no seasonality), all replicators are identi- 
cal (no age structure), and environmental resources are unlimited, 
in which case the replicator population as a function of time is: 


N(t) = N() - e* = R- N(t- 1) (Eqn. 20) 


where R = (b— m) is called the Malthusian parameter, the instanta- 
neous rate of natural increase, or the population growth rate. R can 
be interpreted as the difference between the birth rate (replication) 
and the death rate (mortality), with birth rate b defined as the num- 
ber of offspring produced per unit time, per member of the popula- 
tion, and death rate m defined as the number of replicator deaths 
per unit time, per member of the population. If R > 0, the popula- 
tion increases exponentially, but if R < 0, the population declines 
exponentially, and if R = 0, the population remains constant. 

In general, populations of replicators have a basic exponential 
growth rate given by: 


(d/dt)D =k- DP (Eqn. 21) 
where D is the population density (in population dynamics) or 


concentration (in chemistry) of the replicating species, k is a 
growth rate constant, and p = 1 giving exponential growth.*®”° 
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Figure 5.13. Cycles in the population dynamics of the snowshoe hare 
and its predator the Canadian lynx, redrawn by Radcliffe” from 
MacLulich.”®°” 


Interestingly, some artificial chemical replicating systems exhibit 
sub-exponential growth (p < 1), and, in particular, “parabolic growth” 
(p = 0.5), which was first observed and elucidated by von Kiedrowski 
and Szathmary,”848-285> 

Growth in replicator populations can also be severely constrained 
if two groups of replicators are competing for access to the same 
resources, or if one group is treating the other group as prey (an 
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input resource). The Lotka-Volterra model**”® is the simplest model 


of predator-prey interactions: 


(0/0t)D prey = Rorey ’ Dprey —a- Dprey 7 D predator (Eqn. 22A) 


(0/0t)D predator =b- Dprey : D predator —m- D predator (Eqn. 22B) 


where Dorey 
spectively, Rprey is the intrinsic rate of prey population increase, a is 
the predation rate coefficient, b is the replication rate of predators 
per one prey eaten, and m is the predator mortality rate. When 
properly parameterized the model can give results that look much 


and Dpredator are the density of prey and predator, re- 


like the observed field data of natural populations, such as the cycles 
in the populations of the Canadian lynx, a predator, and the snow- 
shoe hare, its prey,”®*” as shown in Figure 5.13. Interestingly, simi- 
lar autonomously oscillating populations of microbes have been 
observed,7°*8 complete with hysteresis, transients, and a constant 
final frequency, even for single-species populations in the absence 
of predator-prey relationships. 

There is a vast literature on population ecology*®? 8 — the 
branch of ecology that studies the structure and dynamics of popula- 
tions of replicators — that can provide ideas and guidance for future 
research on various quantitative aspects of machine self-replication in 
a variety of circumstances. Topics in population ecology typically in- 
clude density-dependent and density-independent population growth, 
age and gender distributions, life history strategies,* spatial dispersal 
patterns, population invasions and diffusion models, optimal forag- 
ing and environmental stress,** territory formation®“! and competi- 
tive exclusion, predator-prey interactions (prey is food source), 
parasite-host interactions (host is food source and habitat), measures 
of population entropy“? or community diversity, experimental evo- 
lution28®4 and macroevolution,**” and so forth — all of which have 


* There is a generally-accepted’”**® spectrum of strategies between two well-recognized extremes: (1) r-selection (high fecundity, rapid development) represents the 
“quantitative” extreme — in a perfect ecological vacuum with no density effects and no competition, the optimum ecologic strategy is to put all resources into reproduction 
with the fewest possible resources into each individual offspring, producing as many progeny as possible. (2) K-selection (low fecundity, slow development) represents the 
“qualitative” extreme — when population density effects are maximal and the environment is saturated with competitors, competition is keen so the optimum ecologic strategy 
is to put all resources into the maintenance and production of a few extremely fit offspring, leading to increasing efficiency of utilization of environmental resources. As a 
replicator population grows, reproductive strategy may shift from r-selection (maximum intrinsic rate of natural increase) to K-selection (carrying capacity) .?°* 


** For example, during lean conditions the ratio of replicating individuals to the whole population may be reduced in order to preserve the long-living adults for better 


future times.?8° 
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their analogs in the design space of mechanical kinematic replicators 
(Section 5.1.9). However, a complete survey and analysis of the popu- 
lation ecology of machine replicators (e.g., Freitas and Gilbreath,” 
Section 5.5.2) is beyond the scope of this book. 


5.9.4 Performance of Convergent Assembly Nanofactory 
Systems 

As previously noted, all replicators are manufacturing systems 
which accept a stream of inputs and produce a stream of more highly 
organized outputs, which may include self. Factory-model replicators 
occupy major portions of the design space (Section 5.1.9) of me- 
chanical kinematic replicators, including replication process cen- 
tralization (14), replication process specialization (I5), and the 
particity of both replicator (D10) and product (K8). 

An attractive approach to factory-mode molecular manufactur- 
ing is to use convergent assembly””**!9 to rapidly make products 
whose size is measured in meters starting from building blocks whose 
size is measured in nanometers. Convergent assembly is based on 
the idea that smaller parts can be assembled into larger parts, larger 
parts can be assembled into still larger parts, and so forth. This as- 
sembly process can be systematically iterated in a hierarchical fash- 
ion,'*® creating a manufacturing architecture that can span the size 
range from the molecular to the macroscopic. Of course, in practi- 
cal systems some provision for error must be made during the as- 
sembly of larger parts from smaller parts; Crane!*4 concluded that 
if imperfect units were cast aside during a hierarchical assembly pro- 
cess, then complex structures could be produced without requiring 
high accuracy at any step.* 

It is common to make bigger things by assembling them from 
smaller things. A finished assembly which is about 1 meter in size 
might be made from eight smaller subassemblies each about 0.5 
meters in size. The eight subassemblies could be assembled into a 
finished assembly by using one or more robotic arms (or other po- 
sitional devices) in assembly modules depicted abstractly in Figure 
5.14. Note that we are designating an “assembly module” by the 
size of its output port. The module size is larger — in this case, the 
1.0 meter assembly module has a size of 2.0 meters. This additional 
size provides sufficient room to handle subassemblies and the final 
1.0 meter assembly. 

The first module at (A) is a single assembly module able to ac- 
cept subassemblies from the four input ports to the right, and which 
produces a finished assembly to the left through the single output 
port. If the output port has a size of one meter by one meter, each 
input port would have a size of 0.5 meters by 0.5 meters. The sec- 
ond module at (B) shows two stages of assembly starting with 64 
sub-subassemblies each with a size of about 0.25 meters, producing 
8 subassemblies with a size of about 0.5 meters, and producing a 
finished product with a size of about 1.0 meters. The third module 
at (C) shows three stages of convergent assembly producing a final 
product of ~1.0 meter in size from 512 sub-sub-subassemblies each 
of which is ~0.125 meters in size. We can continue adding stages to 
this process until the inputs to the first stage are as small as we 
might find convenient. For the purposes of molecular manufactur- 
ing, it is easiest to assume that these initial inputs might be ~one 
nanometer in size — essentially, bulk chemistry inputs. 

Now assume that the final 1.0 meter assembly module (A) which 
assembles the subassemblies into the final product takes about 100 
seconds to complete its task. (The exact time selected is not crucial 
to the conclusions.) Then the 0.5 meter assembly module (B) should 
complete one subassembly in 50 seconds because an object which is 
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Figure 5.14. Progression of assembly modules in convergent assem- 
bly, with schematic showing positioning of all modules.”!° 


half the size can finish a movement of half the length in half the 
time: its frequency of operation is doubled.”°% Each 0.5 meter as- 
sembly module can therefore produce two subassemblies in 100 
seconds, so the four 0.5 meter assembly modules can finish eight 
subassemblies in 100 seconds, which means that both the 1.0 meter 
assembly module and the four 0.5 meter assembly modules must 
work for 100 seconds to produce the final product. 

This progression continues in similar fashion for all remaining 
assembly modules. For instance, at the 0.25 meter assembly mod- 
ule (C) 512 sub-sub-subassemblies are assembled in sixteen 0.25 
meter assembly modules, making 64 sub-subassemblies; these 64 
sub-subassemblies are assembled into 8 subassemblies in four 0.5 


* But T. Hogg*** notes that there is a tradeoff in efficiency: if the discard rate is too high, the rate of final production will be very low. Typically such situations have a fairly 
abrupt threshold in the probability of success vs. individual defect rate, as seen in studies of molecular electronics circuits formed via self-assembly for multiplexors and logic 


circuits.1°°4 Simon®” has also discussed both natural and artificial modular structures. 
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meter assembly modules, and finally, the 8 subassemblies are as- 
sembled into the final product in the single 1.0 meter assembly 
module. Again, the 0.25 meter assembly modules operate twice as 
fast as the 0.5 meter assembly modules, and four times as fast as the 
1.0 meter assembly module. The sixteen 0.25 meter assembly mod- 
ules can make 64 sub-subassemblies in the same time that the four 
0.5 meter assembly modules can make 8 subassemblies, which is 
the same amount of time that the single 1.0 meter assembly module 
takes to produce the finished product, thus establishing through- 
put closure (Section 5.6). 

The following rules (modified and extended from Merkle 
hold approximately for a convergent assembly system which doubles 
the size of product made at each stage, starting with initial building 
blocks of characteristic length Lyiock meters (e.g., Lylock ~ 10° meters, 
or one nanometer) with a characteristic assembly time to manipu- 
late those building blocks of thlock (€.¥.5 tblock ~10° seconds, or 100 
nanoseconds) in an actual manufacturing system: 


213) 


1. Product Size. The size of product that can be made at stage N is: 


Lpyroduct(N) = 2% - Litock (meters) (Eqn. 23) 
and conversely, the number of stages required to make a prod- 
uct of size Lproduce from starting blocks of size Lytock is: 


N(L product) = loga(L product! Lptock) (stages) (Eqn. 24) 


Hence the assembly of a product object of size Lproduct = 1 meter 
using building blocks of size Lyjock = 10°? meter requires a con- 
vergent assembly system (using this particular architecture) con- 
sisting of N(Lproduct) = loga(1/10-) ~ 30 stages. 


2. Module Assembly Time. The time required for an assembly 
module in the Nth stage to produce an assembly of size 
Lproduce(N) (= 2N . Lyjock) meters, given that eight subassemblies 
of size 2N-)). Lyicck meters are already available, is: 


(Eqn. 25) 


The exemplar values chosen for tplock and Lytock imply that the 
assembly of a 1.0 meter product (i.e., stage N = 30) from eight 
0.5 meter subassemblies (i.e., stage N = 29) will require tmodule = 
2N . tock = 239 - (10-7 sec) ~ 100 seconds. We assume that the 
assembly process can be started when only four subassemblies are 
available, effectively allowing stage N to begin operation after stage 
(N — 1) has produced only half of the required subassemblies. 


N 
Umodule = 2°: Ublock (seconds) 


3. Product Assembly Time. The time required to build a product 
of size Lyroduct (= 2N . Lytock) meters, including the time taken 
by all preceding stages (i.e., assuming all stages start empty, with 
no assemblies or subassemblies in them, but that they have been 
provided with appropriate instructions for the manufacture of 
the desired product) is: 


tproduct = 2°N*) « thiock (seconds) (Eqn. 26) 


This is because the assembly modules at stage (N — 1) produce 
their first output in 2N - thick seconds, whereupon the assembly 
process begins in stage N; the assembly process in stage N must 
then continue an additional 2N - tyioc, seconds before it can pro- 
duce its first output, so the total time before stage N produces an 
output is (2N + 2) - thio seconds or 2"N*)). th, seconds. Thus 
a 30-stage system (N = 30) should be able to produce a single 
meter-sized product in ~200 seconds. If we more conservatively 
assume that stage N cannot overlap any operations at all with 
stage (N — 1) — that is, stage (N — 1) must produce all eight 
subassemblies before stage N can begin to assemble them — then 
the time required for the Nth stage to produce its first output 
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increases from 2 - 2 - tyigck seconds to 3 - 2N - tyiock seconds, only 
50% longer, or ~300 seconds to produce a single meter-sized prod- 
uct in a 30-stage system with this exemplar architecture. 


. Production Rate. A convergent assembly system can be 


pipelined, in which case a steady stream of finished products of 
size Lproduct (= 2N + Lptock) meters can be made at a rate of one 
new product every 2N - tyiock seconds, a production rate of: 


Roroduction = (2 - totoad)”! (products/sec) (Eqn. 27) 
with Upipeline = aoe ee (Eqn. 28) 
Thus a 30-stage system (N = 30) should be able to build a steady 
stream of meter-sized products at the rate of ~1 new product 
every 100 seconds, giving a production rate of Rproduction ~ 0.01 
products/sec (€.g., tpipeline = 100 sec/product) with this exem- 
plar architecture. 


. Output Port Areas. The area of the output port Agurpue(N) of 


an assembly module equals the sum of the areas of each input 
port Ainpuc(N); that is: 


Ainpur(N) = ae =) . Liisa (meter”) (Eqn. 29) 


Aoutput(N) = © Ainput(N) = 27 + Lytock” (meter*) (Eqn. 30) 


The total area of all output ports throughout the factory at stage 
N is equal to the total area of all output ports throughout the 
factory at stage (N — 1). 


. Materials Throughput Speed. The average speed with which 


material flows through the system is approximately equal at all 
stages, given by: 


(Eqn. 31) 


For Lylock ~ 10° m and tpiock ~10°7 sec, Vmaterials ~ 1 cm/sec. 


Vmaterials ~ Lhlock / Ublock (meters/sec) 


. Materials Flowthrough Path Length. Since the input material 


is in motion through the factory for tmotion = 2 « thlock Seconds, 
then these materials travel a path length of: 


(Eqn. 32) 


For Vmaterials ~ 1 cm/sec and tmotion = 100 sec, Lyath ~ 1 meter. 


Lyath ~ Vmaterials * motion (meters) 


. Convergent Assembly Factory Length, Volume, and Repli- 


cation Time. Taking the width (and height) of the final assem- 
bly module output face as 2L product and the length of the Nth 
stage as 2L product ° (1/2)N-1, then the minimum length and vol- 
ume of the convergent factory are given by: 

N(L produce ) 


S (a/2)" 
isl 
= 4L product : (1 = (1/2)NCpreduct)y 


L factory =2L product * 
(Eqn. 33) 
(Eqn. 34) 


Assuming that 8 product objects each of volume [produce can 
be assembled to make a complete factory of volume Véacrory, then 
the replication time for a fully pipelined convergent assembly 
factory is given by: 


2 
Veactory = (2L product) Leactory 


Vfactory = Upipeline * Viactory / Lovedder’ 
= 16 tpipetine (1 — (1/2) NOPredu)) (Eqn. 35) 


Taking Lyroduct = 1 meter, Lytock = 10° meter, and thlock ~ 107 
seconds, then N(Lproduct) = 30 stages (from Eqn. 24), tpipeline 
~ 100 sec (for N = 30, from Eqn. 28), Lectory ~ 4 meters, 
Veactory ~ 16 meter’, and Tfactory ~ 1600 sec (~1/2 hour). Note 
that for N >>1, Tactory ~ (2N*4) - thlock. 
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Other methods for quantitatively estimating bootstrapping pro- 
ductivity or self-replicating factory output in various contexts have 
been employed by Akin and Minsky 4, Bock 7°%8, Criswell,?™ 
Hall,??> Hewitt,?”” Lackner and Wendr, cd MeKendeee ae 
Phoenix,2224 and Miller and Smith.7°°? 


5.9.5 Power Law Scaling in Convergent Assembly 
Nanofactory Systems 

J. Storrs Hall has made an interesting observation concerning a 
discrepancy in the power law scaling of convergent assembly 
nanofactories as compared with biological systems, and has pro- 
duced a mathematical analysis”*°* from which the following discus- 
sion is drawn extensively. 

As noted in Section 5.9.4, one of the standard architectures for a 
molecular manufacturing system (Nanosystems*8 at Section 14.3.1.b) 
is convergent assembly, in which a very large array of very small 
manufacturing machines makes molecular-scale parts, after which 
a second array of not-quite-as-small manufacturing machines puts 
parts together into bigger parts, and so forth. At each stage the num- 
ber of manufacturing machines decreases by some fraction, and the 
size of the parts increases by some fraction. For example, in the 
proposal by Merkle”! (Section 5.9.4) a cubical system accepts in- 
puts from 4 half-size (1/8 volume) precursor cubical systems. The 
half-size cubes run twice as fast as the big ones — the product moves 
through them at the same absolute speed but only has to go half as 
far — and the 4 half-size cubes feed 8 subassemblies to the full-size 
cube in the time required for the full-size cube to produce one out- 
put assembly. Each smaller cube is in turn fed by 4 smaller cubes, 
and so forth. Adding a new stage of double the size increases system 
mass Myyscem by a factor of 8. But since the new stage includes only 
four cubes of the prior stage, output has only increased by a factor 
of 4, so the time (t) the new system takes to produce its own mass 
in output is twice as long as the old one. This is called a one-third 
power scaling law of replication time to mass — that is, replication 
time is proportional to the cube root of the mass, i.e., T ~ Msc, as 

Hall?8° shows that any strictly self-similar convergent assembly 
nanofactory system in which each stage is a scale 
model of the next, and where the same scale 
factor (and thus the same mass ratio) applies to 
all stages, must also have a one-third power scal- 
ing law. To demonstrate this, and as a generali- 
zation of the case examined in Section 5.9.4, 
Hall considers a system with a branching factor 
of n in units of mass of a (Ix)-stage system. If x 
is the mass of the (k + 1)-stage node, then the 
mass of the full (k + 1)-stage system is (n + x) 
and so the mass ratio of a (k + 1)-stage system 
to a (k)-stage system is (n + x). Using the time 
to replicate a k-stage system as the unit of time, 
the output per unit time of a (k + 1)-stage 
system is n, hence the time to replicate for a 
(k + 1)-stage system is Tk, = (n + x) / n. The 
mass ratio of the (k + 1)-stage node to the k-stage 
node is also (n + x): The ratio of the head node 
to the whole system is x / (n + x), which equals 
the ratio of the k-stage node to the whole sub- 
system it is the head of; but since that is 1 by 
definition, then the mass of a k-stage node is 
just x / (n + x), so the ratio of the (k + 1)-stage 
node to the k-stage node is x / (x / (n + x)) = 
(n +x). 

For a power scaling law in 1/Z of the form 
t ~ Mostem’“, the replication time raised to 
the power Z equals the mass ratio, that is, 
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t= ((n +x) / n)% = (n + x), which, after . series of algebraic mae 


nipulations, yields in turn: (n + 4) f n% 2 1, (n+ x)%) = 

(n +x) =n@2)) | therefore x = n'“/4) _ n, or (n +x) = Zz: “) 
Because of strict scaling, the area of the output port on any fade 
scales with the area of a side, and since the flow of material out 
of a node must equal the total flow into it, then (n + x)73 = nor 
(n+ x) = n?? = n@2)), and Z = 3. Thus Z must equal 3 for any 
strictly self-similar convergent assembly nanofactory system, i.e., 
such systems must have a one-third power scaling law of replica- 
tion time to mass. 

The discrepancy with biology occurs because natural systems, 
like animals and plants, empirically have a well-documented 
one-fourth power (Z = 4) scaling law for replication time (Section 
5.2), believed to be related to the fractal nature of vascular and similar 
systems. In other words, if replicator system mass increases by a 
factor of 1000, replication time rises by a factor of 10 for a conver- 
gent-assembly nanofactory having Z = 3 but only by a factor of 
5.62 for biological replicators having Z = 4. Hall’s contribution is 
his insight that, in principle, convergent-assembly nanofactories can 
also achieve one-fourth power (Z = 4) scaling, matching biological 
systems, if the length of units is allowed to scale by one factor (L) 
while the radius, incorporating the other two spatial dimensions, is 
allowed to scale by a different factor (R). In this case the mass ratio 
becomes L- R? = (n+x);Z=4 implies that (n +x) = n“3, fixed output 
area implies that R? =n, therefore L = (n + x) /R?=n4? / n= nl, 

One simple nanofactory design following the new rules allow- 
ing Z = 4 is to let n (the branching factor) equal 2, producing a 
binary tree structure with L = 2"? and R = 2". The design (Figure 
5.15) is a fractal plumbing embedded in a box with relative dimen- 
sions 1 x 2!/3 x 273, This box can be recursively divided in half, by 
running in a pipe from the center of a large side and slicing to halve 
the long dimension, giving two boxes similar to the first one. The 
pipes decrease in length by a factor of Ly.1/Ly =n? = 21? = 0.7937 
and decrease in radius by a factor of Ry.1/Ry = n!/?=21? 0.7071. 
However, cautions Hall: “It remains to be seen whether we can de- 
sign actual assembly machinery along these lines.” 


Figure 5.15. Geometry for a convergent-assembly nanofactory system with a one-fourth 
power scaling law. (image courtesy of J. Storrs Hall?®°*) 
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5.9.6 Design Tradeoffs in Nanofactory Assembly Process 
Specialization 

The specialization of active subunit components within a 
replicator system seems likely to increase manufacturing through- 
put rates as compared to systems having only general-purpose ac- 
tive subunits, though probably at the cost of reduced flexibility.”°° 
As we saw in Section 5.9.2, allowing increasing numbers of active 
subcomponents to contribute immediately to replication processes 
improves the growth rate from P(t) = 2"* (Eqn. 10B) to a maxi- 
mum of Pgs(t) = elt (Eqn. 11B). In effect, the division of a single 
general-purpose replicator working mass of a particular type into 
the maximum possible number of more-specialized working 
sub-masses of the same particular type increases replicator produc- 
tivity by up to a factor of (e'/2') = 1.359 per generation in the 
limit, an amount that grows to a (e7°/2?°) = 463 fold advantage in 
the limit by the 20th generation (Table 5.4), a substantial improve- 
ment. This assumes that a significant amount of total manufactur- 
ing time is utilized in increasing the total manufacturing capacity, 
rather than in making nonreplicating (non-self) product outputs. 

Another estimate, inspired by an analysis by Hall??? but using 
more conservative assumptions, can compare the benefits of spe- 
cialization using replicating systems having components of two dif- 
ferent particular types — for example, mill-type mechanisms and 
manipulator-type mechanisms. As noted earlier (Section 5.1.9 (H6)), 
with one set of assumptions, specialized mill-type mechanisms may 
be ~40 times more productive per unit mass than manipulator-type 
mechanisms, although manipulator systems are far more versatile 
or “general purpose” than mill systems. So it is logical to presume 
that a replicating system composed entirely of mill-type mechanisms, 
using similar assumptions, should be ~40 times more productive 
per unit mass than a replicating system composed entirely of 
manipulator-type mechanisms. 

Accordingly, let us consider two possible self-replicating systems, 
one that is “specialized” and another that is “general-purpose.” The 
specialized factory consists of molecular mills (Figure 4.35) that 
may include separate assembly lines specialized for gears, pulleys, 
shafts, bearings, motors, struts, pipes, self-fastening joints, and so 
forth. Its architecture also includes conveyors and a tiny number of 
general-purpose manipulators for putting the final parts together 
(which are few enough that we can ignore them in the calculation). 
The general-purpose factory consists exclusively of some number 
of general-purpose programmable robotic arm manipulators of the 
kind described by Drexler (Figure 4.29), with no specialized mo- 
lecular mills included. We will estimate the time tmacro required for 
each system to grow large enough to be capable of producing 
macroscale products, a capacity threshold which Hall?” arbitrarily 
defined as the ability to do Rmacro = 107° mechanosynthetic 
atom-deposition reactions per second (-0.5 mm/?/sec of solid dia- 
mond crystal), starting from a much smaller initial seed system. 

Consider first the specialized replicating system of molecular 
mills. If: 


Nmiutta is the number of atoms per individual mill assembly 
mechanism, 

DatomM is the number of atoms deposited by each mill assembly 
mechanism per operating cycle, 

Xstation is the distance separating individual mill mechanisms 
along the conveyor belt, 

Veonveyor is conveyor belt speed, 

Npartsa is the number of atoms in a typical part, 

Nparttypes is the number of different kinds of typical parts used to 
build the specialized replicating system, and 

q is a constant which multiplies the number of atoms in the core 
replicator system, to allow for external support structure 
and “overhead” for fully pipelined parts assembly, 
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then the productivity of all specialized mill mechanisms is Rmits = 
Dparetypes * Npartsa * Weonveyor / Xstation (atoms/sec), the number of 
individual mill mechanisms per part type in the initial seed system 
is Nmitls = Npartsa / Natomm, and the replication time of the initial 
seed system is Tmills = q- (Mmills ‘ Nwmitta / Npartsa) / (Veonveyor / 
Xstation)» hence the time required for the specialized system to grow 
to macroscale capacity is tmacroS = Tmills - Gmills (generations) where 
Gmitts = logio(Rmacto / Rmitts) / logio(2), or: 


q* Dmills "Nitta * Xstation R acto ‘ X station \ 


logio(2) * Neartsa ° Veonveyor 


UmacroS = 


og 


D parttypes * N PARTSa * Veonveyor ] 
(Eqn. 36) 
and the total number of atoms in the initial seed system is: 


(Eqn. 37) 
08 


NcedSa = q * Nparttypes * Mmills * Noittta (atoms) 


Taking q = 2 (Hall?”°), natomm ~ 1 atom/mill (Nanosystems,” 
Section 13.2.3; Hall?*°), Nuta = 2.5 x 10° atoms/mill mechanism 
(Nanosystems,?°8 Section 13.3.5.c), Xstation = 10 nm (Nanosystems,°8 
Section 13.3.1.a; Hall??°), Nparrsa = 104 atoms/part (Hall?2°), 
Veonveyor = 0.005 m/sec (Nanosystems,°8 Section 13.3.1.a), Rmacro = 
107° atoms/sec (Hall?*°), and Dparctypes = 100 (Hall?”>), then Ryyitis = 
5 x 10!! atoms/sec, mils = 104 mills/part type, Tmitis = 1 sec and 
NoeedSa = 5 X 10!! atoms in the initial seed system, with tmacros = 28 
seconds to replicate G,niis = 28 doubling generations of the initial 
seed system to reach the threshold of macroscale manufacturing 
output. 

Consider next the general-purpose replicating system of ma- 
nipulator arms. If: 


NarMa is the number of atoms per individual manipulator arm 
assembly mechanism, 

tmotion is the time required to execute one full manipulator arm 
motion pathlength, 

Notion is the number of full manipulator arm pathlength mo- 
tions needed to deposit one atom, and 

NeeedGa is the total number of atoms in the initial seed system, 


then the number of individual arm mechanisms in the initial seed 
system is Marms = NeeedGa / Narma the productivity of all gen- 
eral-purpose manipulator arm mechanisms in the seed system is 
RarmG = Darms / (tmotion * Nmotion ) (atoms/sec), and the replication 
time of the initial seed system is TamG = q* NecedGa / Rarmgs hence 
the time required for the specialized system to grow to macroscale 
capacity is tmactoG = TarmG + GarmG (generations) where GaimG = 
logio(Rmacro / Ramo) / logio(2), or: 


UmacroG 


q* NarMa *t motion “motion “lo g R macro * N ARMa *t motion * motion ) 
10 


logio(2) N seedGa 


(Eqn. 38) 


Taking q =2 (Hall?”°), Narma = 10’ atoms/arm (Nanosystems,°8 
Section 13.4.1.f; Hall?*>), tmotion = 10° sec per 10-nm motion 
(Nanosystems,°8 Section 13.4.1.f), nmotion = 2 motions per atom 
deposition (one motion from tool recharge to workpiece plus one 
motion from workpiece to tool recharge), Rmacto = 107° atoms/sec 
(Hall?”>), and NgcedGa = NecedSa = 5 x 10'! atoms (to permit easy 
comparison with a mill-based system of exactly equal size), then 
arms = 5x 104 manipulator arms, Ram = 2.5 x 10!° atoms/sec, and 
TarmG = 40 sec in the initial seed system, with tmacrog = 1276 sec- 
onds to replicate Gaimg = 32 doubling generations of the initial 
seed system to reach the threshold of macroscale manufacturing 
output. (Note also that Narma/ Nuitta = 40.) 
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Thus, as expected, the specialized system can replicate TamcG / 
Tmills = 40 times faster* than the comparably-sized general-purpose 
system and also allows faster build-out (e.g., tmactoG / tmacros = 46) 
and higher throughput rates (e.g., Rmitis / RarmG = 20), but at the 
cost of losing virtually all programmable variation in the building 
blocks and block assemblies which are exclusively assembled by mill 
mechanisms. It should be easier to have newly manufactured sub- 
components contributing immediately in a nanofactory consisting 
of robot arms since each arm could be set to work on whatever job 
was to be done next, while a newly-built special-purpose mill would 
have to wait for its companion mills to be finished (and connected 
together) before it could start making products. 

Adds Drexler:7°8 “Manipulator-style mechanisms will tend to 
have lower stiffness and hence higher error rates than those of 
mill-style mechanisms. Nonetheless, the feasible stiffness permits 
errors stemming from thermal excitation to be kept to negligible 
levels. Manipulators under programmable control can more easily 
be designed for fault tolerance than can mill systems.” 
Functionally-specialized systems also have the potential drawback 
of requiring separate design, construction, and testing for each of 
two or more specialized machines (even if individually less com- 
plex), rather than just one general-purpose machine, and are al- 
most certainly more constrained in the range of different prod- 
ucts they can produce (compared to a single more general-purpose 
assembler). 

Analogously in the field of pure computation, the GRAPE com- 
puter family (with its specialized hardware chips for efficiently cal- 
culating Newtonian gravitational force between particles in com- 
putational astrophysics**®) and IBM’s Deep Blue chess-playing 
computer (with its specialized chess-move calculation hardware 
chips*8”°) have shown greater speed at one narrow task but have far 
less versatility** than a more general-purpose parallel computer with 
comparable gross hardware specifications. There is evidence that 
flexible “reconfigurable computing”**’”! may be superior to 
fixed-path hardware in many applications (e.g., see the “Embryonics 
project” in Section 2.2.1). In the field of manufacturing, automakers 
in Detroit and elsewhere have steadily moved away from 
single-process manufacturing on their automobile assembly lines, 
in favor of flexible manufacturing systems (using manufacturing 
robots more akin to manipulators than to mills) that allow different 
products to be produced on the same production line and that also 
allow rapid switching between products. 

Finally, readers are reminded that there are many ways to 
operationalize component and active subunit specialization. One 
way is via a “factory production line” approach with specialized 
sub-lines, as in Drexler’s desktop assembler (Section 4.9.3) or 
Hall’s factory replication architecture (Section 4.16). Another way 
is by using specialized individual replicator devices, as in Freitas’ 
biphase assembler (Section 4.18). Both approaches reap the ben- 
efits of process specialization while employing utterly different 
architectures. Also, when discussing “production lines” vs. 
“replicators” it is important to clearly distinguish the concept of 
component function specialization (i.e., “Replication Process Spe- 
cialization” or dimension “I5” in the replicator design space de- 
scribed in Section 5.1.9) from other temptingly-similar and 
seemingly-related dimensions in the replicator design space with 
which I5 is frequently confused or conflated, such as Replication 
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Process Centralization (14), Replication Process Subunit Assis- 
tance (18), Replication Auxeticity (111), and Replication Process 
Parallelicity (113). 


5.10 Replicators and Artificial Intelligence (AI) 

The possible creation of a machine-based human-equivalent 
or human-different artificial intelligence (AI) — whether deliber- 
ately built or emergent — has been described in the technical sci- 
entific, ?!72872 288 popular scientific, 28° 7°"! and science fic- 
tion?®?”*8°8 literatures for many decades. True human-equivalent 
computing is conservatively estimated to require a computational 
capacity on the order of 10-1000 teraflops (-10'%-10" 
floating-point operations/sec),7°°4?**” though various estimation 
methods can produce a somewhat wider range of values (10'?-10!7 
ops/sec).788779!2-2914 (IBM’s ~10'? ops/sec Deep Blue parallel com- 
puter defeated human grandmaster Gary Kasparov at chess in 
1997.)°8”° These bit rates are many orders of magnitude higher 
than the data processing requirements of all classes of contempo- 
rary industrial manufacturing machines, and also well beyond most 
estimates of the computational capacities needed to drive future 
autonomous nanorobotic devices. For example, artificial 
nanorobotic red cells (respirocytes*”’) may require no more than 
a simple ~10° ops/sec computer — far less computing power than 
an old Apple IJ machine — while nanorobotic white cells 
(microbivores”**) may need only ~10° ops/sec of onboard capac- 
ity. Still more sophisticated cellular repair nanorobots should de- 
mand no more than 10°-10? ops/sec of onboard computing ca- 
pacity to do their work (Nanomedicine,”*® Section 7.1), a full 4-9 
orders of magnitude below the estimates for true human-equivalent 
computing. 

Similarly, estimates of the data storage capacity of the human 
brain have ranged from a low of ~200 megabytes (1.6 x 10° bits) 
for consciously-recoverable data, to a range of 10!-10!> bits 
based on an assumption of ~1 bit per synapse,7°8??!9!7 to up- 
per limits of 2.2 x 10!8 bits for the information contained in a 
lifetime of experience (brain inputs)?88°.2913,2918 or 10*° bits based 
on the accumulated total of all neural impulses conducted within 
the brain during a lifetime.”?!? (One recent estimate?” of 10°47 
bits for total human memory seems wildly implausible.) By con- 
trast, Table 5.1 shows that a wide variety of mechanical, software, 
and biological replicators require at most 107-10'* bits for the 
storage of their description, and the actual number is likely to be 
considerably less. For example, the self-replicating DNA sequence 
that describes the human phenotype is nominally 6 x 10° bits,4°” 
but there is a great amount of repetition (such as the 300,000 
“ALU” sequence repeats) so the data may compressible by at least 
100:1 if the noncoding regions are greatly condensed or elimi- 
nated, reducing the bit count to under ~10° bits — or 2-12 orders 
of magnitude smaller than the storage capacity required to store a 
human-level intelligence. The number of data bits needed to sup- 
port an artificial intelligence seems to be many orders of magni- 
tude larger than the number of bits that are likely required to 
support an artificial replicator. 

In the 1970s, Carl Sagan?”*! quoted AI expert Marvin Minsky 
as claiming that as few as 10° bits might be enough to encode an 
artificially-designed “true intellect” — provided the bits “were all in 
the right place....I cannot conceive that it would take 10'* bits to 


* These results are largely insensitive to the exact choice Of Rmacro ANA Nparttypes Out are highly sensitive to the choice Of Veonveyor Npartsa ANA tinotion. Drexler suggests that specialized 
mills and general-purpose manipulators might even have comparable replication times for some choices of parameters, e.g., t~3 sec for mills (Nanosystems,?% Section 13.3.5.d) 
and t ~ 5 sec for manipulators (Nanosystems,*% Section 13.4.1.f). There are additional limits to convergent assembly processes based on power and heat generation, and 
different types of defect mechanisms at different scales.?°° A more comprehensive analysis should be performed but is beyond the scope of this book. 


** The implications of using manufacturing components functionally analogous to the reconfigurable logic as found in Field-Programmable Gate Array (FPGA) technology should 
be investigated further in the context of flexible nanomanufacturing and specialization. 
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hold a superintelligent being.”* (The 2003 release of Microsoft 
Windows requires ~2.4 x 10!” bits of storage — 50 million lines of 
code averaging 60 characters/line at 8 bits per character.) By com- 
parison, the simplest-known software replicators require only 16-808 
bits to encode (depending on one’s definitions; Section 2.2.1 and 
Table 5.1), so it would seem that replicators may be at least 3-5 orders 
of magnitude simpler than intelligences, even if Minsky is correct. 
In other words, replication appears to be a rather simple activity 
when compared to intelligence. We conclude that artificial replicators 
are likely to require many orders of magnitude less memory and data 
processing capacity than an artificial intelligence, hence are unlikely 
to incorporate an onboard artificial intelligence unless the inclusion 
of an Al is a principal design objective. Indeed, common computer 
viruses and worms are examples of artificial software replicators (Sec- 
tion 2.2.1) and are typically small in size (a few kilobytes). Adding an 
AI to a replicator would greatly increase the complexity and design 
difficulty of building a replicator, and would also increase the risks to 
public safety (Section 5.11). If emergent Als prove easier to create 
than deliberately-built Als, e.g., by using genetic algorithms, then the 
risk to public safety is again increased.”®* Non-Al replicators are vastly 
simpler to design and build (and will be much safer to operate) than 
artificial intelligence based replicators. As technology progresses, it is 
likely that basic multifunctional replicators can be built long before 
an Al can be built, and that at least the earliest generations of artificial 
replicators will contain no onboard AI. Our conclusion is supported 
by the observation that in the evolution of life on Earth, the first 
replicators may have appeared only ~0.8 billion years??74?> after 
the planet’s formation but another 3.5-3.85 billion years??*?°° of 
further evolution were required for human-level intelligence to 


emerge,”’*” employing the same organic substrate. 


5.11 Replicators and Public Safety 

It has been pointed out that the development and deployment 
of artificial replicators capable of unconstrained replication using 
the natural environment as substrate would raise serious public safety 
and environmental concerns.!??79°89!! Perhaps one of the earliest 


scientists to voice this concern was Freeman Dyson, who opined, in 
a 1972 lecture,2”* that: 


L assume that in the next century, partly imitating the processes of life and 
partly improving on them, we shall learn to build self-reproducing ma- 
chines programmed to multiply, differentiate, and coordinate their ac- 
tivities as skillfully as the cells of a higher organism such as a bird. Afier 
we have constructed a single egg machine and supplied it with the ap- 
propriate computer program, the egg and its progeny will grow into an 
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industrial complex capable of performing economic tasks of arbitrary mag- 
nitude. It can build cities, plant gardens, construct electric power-generating 
facilities, launch space ships, or raise chickens. The overall programs and 
their execution will remain always under human control. 


The effects of such a powerful and versatile technology on human affairs 
are not easy to foresee. Used unwisely, it offers a rapid road to ecological 
disaster. Used wisely, it offers a rapid alleviation of all the purely eco- 
nomic difficulties of mankind. It offers to rich and poor nations alike a 
rate of growth of economic resources so rapid that economic constraints 
will no longer be dominant in determining how people are to live. In 
some sense this technology will constitute a permanent solution of man’ 
economic problems. Just as in the past, when economic problems cease to 


be pressing, we shall find no lack of fresh problems to take their place. 


Self-replicating systems may be the key to low cost manufactur- 
ing but there is no need to allow such systems to function freely in 
the outside world. Restricted to an artificial and controlled envi- 
ronment, factory replicators can manufacture simpler and more 
rugged applications products which are then transferred to the end 
user. For example, medical devices designed to operate in the hu- 
man body?***° or inside any other living thing should not 
self-replicate (see Nanomedicine,’ Sections 1.3.3 and 2.4.2). Such 
devices can be manufactured in a controlled environment, then in- 
jected or implanted into the patient as required, and later removed 
when the job is done. The resulting medical devices will be simpler, 
smaller, more efficient and more precisely designed for the task at 
hand than devices designed to perform the same function and to 
self-replicate.??*8 Similar considerations apply to nonmedical ap- 
plications of molecular nanotechnology. 

Given the potential for accident and abuse*!?””” (and see Sec- 
tion 6.3.1), artificial replicators will almost certainly be very tightly 
regulated by governments everywhere. For example, it is unlikely that 
the FDA (or its future or overseas equivalent) would ever approve for 
general use a nonbiological medical nanodevice that was capable of 
in vivo replication, evolution, or mutation. Guidelines to avoid acci- 
dents and foreseeable abuses have been promulgated for biotechnol- 
ogy replicators’’”? and have also been proposed for nanotechnology 
replicators.””! There are many technical routes to ensuring “safe rep- 
lication,” most notably the broadcast architecture for control (Sec- 
tion 4.11.3.3) and the vitamin architecture for materials (Section 4.3.7) 
which eliminate almost any possibility that the system can replicate 
outside of a very controlled and highly artificial setting. Interestingly, 
the Heifer Project*”*” is an example of a safe self-replicating “technol- 
ogy” being philanthropically distributed to impoverished Third World 
countries to help combat world poverty and hunger.** 


* Minsky does not recall making this exact claim??? 


and believes the original quotation came from a book written by Minsky in 1968,” containing the following paragraph: “As one 


tries to classify all of one’s knowledge, the categories grow rapidly at first, but after a while one encounters more and more difficulty. My impression, for what it is worth, is that one 
can find fewer than ten areas, each with more than ten thousand such links. Nor can one find a hundred things that one knows a thousand things about, or a thousand things, with 
a hundred such links. I therefore feel that a machine will quite critically need to acquire the order of a hundred thousand elements of knowledge in order to behave with reasonable 
sensibility in ordinary situations. A million, if properly organized, should be enough for a very great intelligence. If my argument does not convince you, multiply the figures by ten.” 

From the more recent work done on large commonsense knowledge bases, Douglas Lenat’s “CYC” Project and Push Singh’s “OpenMind Commonsense” Project each have 
on the order of a million entries, and Minsky’? suspects “that each would need to be at least 10 times larger to ‘know’ as much as a not-very-well-informed person. So this 
suggests that a person might need between 10 and 100 millions of ‘knowledge units’ whatever these are.” Positing that each ‘element of knowledge’ (with several ‘links’) would 
need on the order of a few hundred bits, Minsky’ estimates that “if we had to convert this to ‘bits’, that might come to the order of a few hundred megabytes. If this is 
right, then your mind might fit nicely onto a present day 700 MB CD-ROM. Another argument which favors this order of magnitude: psychologists have never found situations 
in which a person can store in long-term memory more than one or two ‘items’ per second. This suggests an upper bound of the order of 10 million units per year.” 


** The problem of a runaway replicative factory system producing an uncontrolled overabundance, ostensibly for the benefit of human beings, was explored by Philip K. Dick 
in his 1955 story “Autofac”:°% 

Cut into the base of the mountains lay the vast metallic cube of the Kansas City factory. Its surface was corroded, pitted with radiation pox, cracked and scarred from the 
five years of war that had swept over it. Most of the factory was buried subsurface, only its entrance stages visible... 

“The Institute of Applied Cybernetics had complete control over the network. Blame the war...we can’t transmit our information to the factories — the news that the war 
is over and we're ready to resume control of industrial operations.” 

“And meanwhile,” Morrison added sourly, “the damn network expands and consumes more of our natural resources all the time.” 

“Isn't there some limiting injunction?” Perine asked nervously. “Were they set up to expand indefinitely?” 

“Each factory is limited to its own operational area,” O'Neill said, “but the network itself is unbounded. It can go on scooping up our resources forever....It’s already used 
up half a dozen basic minerals. Its search teams are out all the time, from every factory, looking everywhere for some last scrap to drag home....Each factory has its own special 
section of our planet, its own private cut of the pie for its exclusive use...They're raw material-tropic; as long as there's anything left, they'll hunt it down.” 
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Fears that self-replicating machines or “machine life” could get 
out of control and even displace all biological life have been voiced 
by writers in the 1910s,7°3! 1920s,” 1930s,00??5? 1940s, 
19505, 993-58 19605,599-873 19705,29342938 198 0)5,2:199-2896 
1990s,77197939 and 2000s,7°9% 29 though others are more hope- 
ful.?58790 Possible procedures and safeguards for the safe develop- 
ment of molecular-scale self-replicating systems were first discussed 
in Drexler’s Engines of Creation, 199 and later by Forrest22*! who listed 
a number of important regulatory issues and noted that “safe de- 
signs, safe procedures and methods to test for potentially hazardous 
assemblers can be incorporated into standards by consensus of in- 
terested parties.” Regulation continued to be discussed within the 
membership of the Foresight Institute throughout the 1990s. These 
concepts were further developed in a workshop sponsored by Fore- 
sight Institute and the Institute for Molecular Manufacturing 
(IMM), and finally formalized in the “Foresight Guidelines on Mo- 
lecular Nanotechnology” during 1999-2000. Neil Jacobstein of IMM 
conducted several open workshops on the Guidelines, and incorpo- 
rated the resulting feedback into several subsequent draft versions. 
Both authors of this book (Freitas and Merkle) and many others par- 
ticipated?” in the drafting of the final Guidelines document.””! 

The core of the Guidelines””! consists of three parts — first, a 
set of general principles; second, a set of development principles; 
and third, a set of specific design guidelines for molecular 
nanotechnology (MNT). These principles are crudely analogous to 
the original NIH Guidelines on Recombinant DNA technology” 
in the field of biotechnology, an example of self-regulation first 
adopted by the biotechnology community almost three decades ago. 

The Foresight general principles recommend that: 


1. People who work in the MNT field should develop and utilize 
professional guidelines that are grounded in reliable technol- 
ogy, and knowledge of the environmental, security, ethical, and 
economic issues relevant to the development of MNT. 


2. Access to the end products of MNT should be distinguished 
from access to the various forms of the underlying development 
technology. Access to MNT products should be unrestricted 
unless this access poses a risk to global security. 


3. Accidental or willful misuse of MNT must be constrained 
by legal liability and, where appropriate, subject to criminal 
prosecution. 


4. Governments, companies, and individuals who refuse or fail to 
follow responsible principles and guidelines for development 
and dissemination of MNT should, if possible, be placed at a 
competitive disadvantage with respect to access to MNT intel- 
lectual property, technology, and markets. 


5. The global community of nations and non-governmental orga- 
nizations need to develop effective means of restricting the mis- 
use of MNT. Such means should not restrict the development 
of peaceful applications of the technology or defensive mea- 
sures by responsible members of the international community. 


6. MNT research and development should be conducted with due 
regard to existing principles of ecological and public health. 
MNT products should be promoted which incorporate systems 
for minimizing negative ecological and public health impact. 


7. Any specific regulation adopted by researchers, industry or gov- 
ernment should provide specific, clear guidelines. Regulators 
should have specific and clear mandates, providing efficient and 
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fair methods for identifying different classes of hazards and for 
carrying out inspection and enforcement. There is great value 
in seeking the minimum necessary legal environment to ensure 
the safe and secure development of this technology. 


The set of development principles includes: 


1. Artificial replicators must not be capable of replication in a natu- 
ral, uncontrolled environment. 


2. Evolution within the context of a self-replicating manufactur- 
ing system is discouraged. 


3. Any replicated information should be error free. 


4, MNT device designs should specifically limit proliferation and 
provide traceability of any replicating systems. 


5. Developers should attempt to consider systematically the envi- 
ronmental consequences of the technology, and to limit these 
consequences to intended effects. This requires significant re- 
search on environmental models, risk management, as well as 
the theory, mechanisms, and experimental designs for built-in 
safeguard systems. 


6. Industry self-regulation should be designed in whenever pos- 
sible. Economic incentives could be provided through discounts 
on insurance policies for MNT development organizations that 
certify Guidelines compliance. Willingness to provide 
self-regulation should be one condition for access to advanced 
forms of the technology. 


7. Distribution of molecular manufacturing development capabil- 
ity should be restricted, whenever possible, to responsible ac- 
tors that have agreed to use the Guidelines. No such restriction 
need apply to end products of the development process that 
satisfy the Guidelines. 


The set of specific design guidelines includes: 


1. Any self-replicating device which has sufficient onboard infor- 
mation to describe its own manufacture should encrypt it such 
that any replication error will randomize its blueprint. 


2. Encrypted MNT device instruction sets should be utilized to 
discourage irresponsible proliferation and piracy.* 


3, Mutation (autonomous and otherwise) outside of sealed labo- 
ratory conditions, should be discouraged. 


4, Replication systems should generate audit trails. 


5. MNT device designs should incorporate provisions for built-in 
safety mechanisms, such as: (a) absolute dependence on a single 
artificial fuel source or artificial “vitamins” that don’t exist in 
any natural environment; (b) making devices that are depen- 
dent on broadcast transmissions for replication or in some cases 
operation; (c) routing control signal paths throughout a device, 
so that subassemblies do not function independently; (d) pro- 
gramming termination dates into devices; and (e) other innova- 
tions in laboratory or device safety technology developed spe- 
cifically to address the potential dangers of MNT. 


6. MNT developers should adopt systematic security measures 
to avoid unplanned distribution of their designs and technical 
capabilities. 


In a June 2000 Foresight Institute press release,?4 Zyvex Corp. 
became the first corporate supporter of the Guidelines principles. 
James Von Ehr, President and CEO of Zyvex, said: “This is an 


* Freeman Dyson*** observes: “The idea which I found most interesting was the emphasis on encryption as a safeguard against hijacking. This raises a new question for biologists. 
All living creatures are fighting a constant battle against hijacking of their genetic and metabolic apparatus by viruses. Is there any evidence that cells have evolved encryption 
of vital genes and polymerase enzymes to stop viruses from taking over the apparatus? Could this be a reason for the subdivision of eukaryotic genes into exons and introns?” 
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important document that deserves careful reading by all concerned. 
As one of the first nanotechnology companies, Zyvex fully sup- 
ports the Guidelines and is pleased that two of our senior scien- 
tists [Merkle and Freitas] were able to participate in their prepara- 
tion. I expect that a sense of professional ethics will compel 
nanotechnology developers to individually subscribe to these prin- 
ciples. These Guidelines are so important that grant-making agen- 
cies, even military ones, should require a pledge of adherence as a 
precondition of funding advanced nanotechnology development.” 
The Foresight Guidelines appear to be considerably more restric- 
tive than, for example, the “Bioethics Statement of Principles”? 
to which companies at the forefront of engineered biological 
replicator development, such as Egea Biosciences,2°*° subscribe. 
Indeed, Freeman Dyson”? believes that the Guidelines may be 
“a bit too cautious. But they can always be relaxed later as experi- 
ence accumulates, just as the recombinant DNA guidelines were 
relaxed.” 

During 2000-2003, Neil Jacobstein moderated several seminars 
at the Aspen Institute” that incorporated the Foresight Guide- 
lines as part of a larger dialog on “Opportunity, Risk and Responsi- 
bility” regarding nanotechnology. These seminars, as well as other 
workshops and presentations, served to expose the Guidelines to an 
increasingly larger community, and to lay the foundation for po- 
tential future revisions. 

In April 2003, the Foresight President (Christine Peterson 
and a Zyvex Board Member (Ray Kurzweil)?°” were invited to tes- 
tify before the U.S. House Science Committee, and later to advise 
on the wording of amendments to the “societal and ethical” part of 
the House Bill. The Foresight Guidelines were subsequently em- 
ployed in producing the wording of an amendment to the Bill. H.R. 
766, the National Nanotechnology Research and Development Act 
of 2003,?”? which passed the House by an overwhelming majority 
on 7 May 2003 and was passed in similar form by the Senate on 22 
June 2003.7”?! H.R. 766 Section 8(c) specifically calls for “A Study 
On Safe Nanotechnology” by the National Academy of Sciences 
and required, in the original* House language: 


)2948 


Not later than 6 years after the date of enactment of this Act a review 
shall be conducted in accordance with subsection (a) that includes a 
study to assess the need for standards, guidelines, or strategies for ensur- 
ing the development of safe nanotechnology, including those applicable 
to — (1) self-replicating nanoscale machines or devices; (2) the release 
of such machines or devices in natural environments; (3) distribution 
of molecular manufacturing development; (4) encryption; (5) the de- 
velopment of defensive technologies; (6) the use of nanotechnology as 
human brain extenders; and (7) the use of nanotechnology in develop- 
ing artificial intelligence. 


The issue of public safety in connection with possible future 
nanotechnology-based replicators, though still downplayed in the 
European Community,*!" has already begun to attract National 
Science Foundation (NSF) funding in the United States. The March 
2001 NSF report, Societal Implications of Nanoscience and 
Nanotechnology, “produced a template for discussion but left par- 
ticular investigations for the future.”?°° Soon thereafter, the Uni- 
versity of South Carolina (USC) began “the first university-based 
interdisciplinary initiative to bring close scrutiny to this new area of 
science and technology,” a series of studies which first received NSF 
funding in 20027? and is planned to run through 2003-2007. 
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These studies will specifically examine, among other related topics, 
the “problems of self-replication, risk, and cascading effects in 
nanotechnology.” In August 2003, the NSF announced2?4 
of $1.3 million??? funding for this effort. 

According to the USC proposal,”?® the Task Area 3 group will 
consider the management of risk in three clusters of investigation: 


1. Models of Self-Replication and Self-Regulation. The researchers 
will “articulate the range of meanings encompassed by 
self-replication and self-regulation, from a simpler, bench-ori- 
ented model to the vision associated with assemblers, and ev- 
erything in between. Nanoscientists have already developed a 
variety of new materials that show promise for nano-engineered 
products — nanotubes, electrically conducting compounds, 
quantum dots, etc. Now, they need ways to organize these ma- 
terials into larger structures that might be useful to society. In 
order to do this, they have focused upon mechanisms of repli- 
cation and the regulation of these mechanisms. But, as the com- 
plexity of a self-replicating process increases, the possibility of 
an undesirable medical or environmental outcome seems likely 
to increase as well, and there are additional concerns about po- 
tential mutations of the original process. In order to help antici- 
pate and prepare for such possibilities, Task Area 3 team mem- 
bers will seek to identify the multiple models and meanings of 
self-replication and self-regulation, ranging from current tech- 
niques (e.g., for growing nanotubes) to universal assemblers. In 
between, we consider possibilities on the near horizon (e.g., the 
use of viruses to engineer at the nanoscale) and the more distant 


horizon (e.g., limited assemblers, the stated goal of the com- 


pany Zyvex??),” 


“Task Area 3 members will approach this work by drawing on 
analogies between these engineered mechanisms and those found 
in natural biological systems. In order to appreciate the chal- 
lenges involved in designing and manufacturing nano-structures 
capable of self-replication and correction without loss of con- 
trol, they will examine the properties of natural self-replicating 
systems. What methods does nature use for self-replication? Will 
nanotechnologies resemble genetic systems in such a way that 
an understanding of the natural principles governing the latter 
might guide the development and application of the former in 
safe and controllable ways? In what ways will they differ? Armed 
with this understanding we will be able to explore the philo- 
sophical and ethical implications of aspects of self-regulation.” 
The target publication date for this phase of the USC work is 
Spring 2005, and an edited volume on these issues will follow 
the Summer 2004 Workshop and the Spring 2005 Conference 
— both on these topics — in Fall 2006. 


an award 


2. Taxonomy of Risk Assessments for Nanotechnology. “Scientists 
know that complex, non-linear, self-replicating systems can 
produce unanticipated medical and/or environmental harm. 
In some cases statisticians can quantify risks associated with 
such systems, but in many other cases the uncertainty is too 
great, and the best that can be done is to provide a less precise 
qualitative analysis.2?°” Along these lines, Task Area 3 team 
members will develop a taxonomy of the kinds of risk assess- 
ment that could be used in ethical debates on nanotechnology. 
First, they will identify risk paradigms for possible medical 


* Unfortunately, the final language of the bill that was signed into law calls only for a study on “molecular self-assembly,” or more specifically: “Section 5(b) Study on Molecular 
Self-Assembly — The National Research Council shall conduct a one-time study to determine the technical feasibility of molecular self-assembly for the manufacture of materials 
and devices at the molecular scale.”’%°? Observes Glenn Reynolds:?9°? “Given that self-assembling nanodevices have already been demonstrated, taking a narrow view of this 
language seems unlikely to accomplish much. It’s like performing a study to determine the feasibility of integrated circuit chips. Been there, done that. Presumably, the broader 
interpretation of the language will obtain. If it doesn’t, that may be an early sign that federal officials aren’t really serious about developing what most people would consider 


to be true molecular manufacturing. Let’s hope it doesn’t.” 
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and environmental outcomes (e.g., the way a new virus can 
pose a public health risk). Then they will consider whether 
the associated risks could have been anticipated and quanti- 
fied in a risk analysis. They will examine cases where estab- 
lished methods of quantifying risk worked well and cases where 
the outcomes could not have been anticipated and quantified. 
Next they will draw on their earlier work, developing the anal- 
ogy between engineered and natural nanosystems, and they 
will extend this analysis to consider the possibilities of quanti- 
fying risks associated with the types of self-replicating, artifi- 
cially engineered nanosystems identified earlier. The goal is to 
identify and structure the variety of cases posed by 
nanotechnology in terms of the degree to which the risks can 
or cannot be quantified. Finally, within this structure they will 
consider how such risks can and should be incorporated into 
ethical analysis and communicated to the public.”?9° The tar- 
get publication date for this phase is Spring 2006. 


3. The Literature and Culture Informing Ethical Analysis of 
Nanotechnology. “There are several new areas of research that 
involve significant challenges to our understanding of ourselves 
and our prospects in the world. These include (i) robotics/cy- 
bernetics, (ii) genetics, and (iii) nanotechnology. In most of this 
literature, these three technologies are considered in isolation. 
However, some of the most troubling ethical issues occur where 
all three technologies intersect. Task Area 3 members will ex- 
plore analogies, similarities, and differences between the ethical 
discussions in each of these areas and then consider how their 
combination could raise issues that have been insufficiently con- 
sidered when viewed in isolation. The focus here will not only 
be on the substance of the issues, but also on the climate and 
culture that frames the way the issues are addressed and resolved.” 
The target publication date for this phase of the USC work is 


Spring 2007. 
+ .2,2960-2963 


The study of the ethical,?>? socioeconomic and le- 
gal?°°67 impact of machine replicators is still in its earliest stages, 
and additional discussion of safety issues may be found in Sections 
2.1.5, 2.3.6, 5.1.9(L), 6.3.1 and 6.4.4. However, two important 
general observations about replicators and self-replication should 
be noted here. 

First, replication is nothing new. Humanity has thousands, ar- 
guably even millions, of years of experience living with entities that 
are capable of kinematic self-replication. These replicators range from 
the macroscale (e.g., insects, birds, horses, other humans) on down 
to the microscale (e.g., bacteria, protozoa) and even the nanoscale 
(e.g., prions, viruses). As a species, we have successfully managed 
the eternal tradeoff between risk and reward, and have successfully 
negotiated the antipodes of danger and progress. There is every rea- 
son to expect this success to continue. 

The technology of engineered self-replication, even at the 
microscale, is already in wide commercial use throughout the world. 
Indeed, human civilization is utterly dependent on self-replication 
technologies. Many important foods including beer, wine, cheese, 
yogurt, and kefir (a fermented milk), along with various flavors, 
nutrients, vitamins and other food ingredients, are produced by 
specially cultured microscopic replicators such as algae, fungi (yeasts) 
and bacteria. Virtually all of the rest of our food is made by 
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macroscale replicators such as agricultural crop plants, trees, and 
farm animals. Many of our most important drugs are produced us- 
ing microscopic self-replicators — from penicillin produced by natu- 
ral replicating molds starting in the 1940s” to the first use of arti- 
ficial (engineered) self-replicating bacteria to manufacture human 
insulin by Eli Lilly in 1982.7°° These uses continue today in the 
manufacture of many other drug products such as: (a) human growth 
hormone (HGH) and erythropoietin (EPO), (b) precursors for an- 
tibiotics such as erythromycin,””™ and (c) therapeutic proteins such 
as Factor VIII. A few species of self-replicating bacteria are used 
directly as therapeutic medicines, such as the widely available swal- 
lowable pills containing bacteria (i.e., natural biological 
nanomachines) for gastrointestinal refloration, as for example 
Salivarex! which “contains a minimum of 2.9 billion beneficial 
bacteria per capsule”,”?”° and Alkadophilus’™ which “contains 1.5 
billion organisms per capsule”,?’’! both at a 2003 price of 
~$(0.1-0.2) x 10° per microscale replicator (i.e., per bacterium). 
Some replicating viruses, notably bacteriophages, are used as thera- 
peutic agents to combat and destroy unhealthful infectious bacte- 
rial replicators,'’°” and for decades viruses have served as transfer 
vectors to attempt gene therapies.?””?”°”? In industry, bacteria are 
already employed as “self-replicating factories”!””?"'78! for various 
useful products, and microorganisms are also used as workhorses 
for environmental bioremediation*,”"”°””? biomining of heavy 
metals,”?8°98? and other applications. In due course we will learn 
to safely harness the abilities of nonbiological kinematic machine 
replicators for human benefit as well. 

Second, replicators can be made inherently safe. An “inher- 
ently safe” kinematic replicator is a replicating system which, by its 
very design, is inherently incapable of surviving mutation or of un- 
dergoing evolution (and thus evolving out of our control or devel- 
oping an independent agenda), and which, equally importantly, does 
not compete with biology for resources (or worse, use biology asa 
raw materials resource).””°? One primary route for ensuring inher- 
ent safety is to employ the broadcast architecture for control (Sec- 
tion 4.11.3.3) and the vitamin architecture for materials (Section 
4.3.7), which eliminate the likelihood that the system can replicate 
outside of a very controlled and highly artificial setting, and there 
are numerous other routes to this end (Section 5.1.9 and see Guide- 
lines, above). Many dozens of additional safeguards may be incor- 
porated into replicator designs to provide redundant embedded 
controls and thus an arbitrarily low probability of replicator mal- 
functions of various kinds, simply by selecting the appropriate de- 
sign parameters as described in Section 5.1.9. 

Artificial kinematic self-replicating systems which are not inher- 
ently safe should not be designed or constructed, and indeed should 
be legally prohibited by appropriate juridical and economic sanc- 
tions, with these sanctions to be enforced in both national and in- 
ternational regimes. In the case of individual lawbreakers or rogue 
states that might build and deploy unsafe artificial mechanical 
replicators, the defenses we have already developed against harmful 
biological replicators all have analogs in the mechanical world that 
should provide equally effective, or even superior, defenses. Mo- 
lecular nanotechnology will make possible ever more sophisticated 
methods of environmental monitoring and prophylaxis. However, 
advance planning and strategic foresight will be essential in main- 
taining this advantage. (See also Section 6.3.1.) 


* According to Press:?°” “The first patented form of life produced by genetic engineering was a greatly enhanced oil-eating microbe. The patent?" was registered to Dr. 
Ananda Chakrabarty of the General Electric Company in 1981 and was initially welcomed as an answer to the world’s petroleum pollution problem. But anxieties about releasing 
‘mutant bacteria’ soon led the U.S. Congress and the Environmental Protection Agency (EPA) to prohibit the use of genetically engineered microbes outside of sealed laboratories. 
The prohibition set back bioremediation for a few years, until scientists developed improved forms of oil-eating bacteria without using genetic engineering. After large-scale 
field tests in 1988, the EPA reported that bioremediation eliminated both soil and water-borne oil contamination at about one-fifth the cost of previous methods. Since then, 
bioremediation has been increasingly used to clean up oil pollution on government sites across the United States.” 
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Motivations for Molecular-Scale 
Machine Replicator Design 


most of the ways permitted by physical law. Von Neumann? 

analyzed a few basic architectures for self-replicating systems in 
the 1940s and early 1950s, and several possible implementations of 
von Neumann’s kinematic replicators were described by Freitas and 
Gilbreath? in the context of macroscale space-based manufacturing 
systems during a NASA study in 1980 (Section 3.13). In the early 
1980s, Drexler!?”!”? proposed the molecular assembler — a 
nanoscale device able to rearrange atoms and to self-replicate — 
and subsequently analyzed the fundamental technical issues in- 
volved.”°8 Following these and other early efforts in replication 
theory,?°??"! the feasibility of building an artificial replicator and 
of molecular manufacturing has gradually come to be accepted al- 
though some still claim that artificial programmable self-replicat- 
ing manufacturing systems that differ fundamentally from biologi- 
cal designs are impossible.!*!47°? These and other claims of im- 
possibility! 70727510 are poorly supported.!°!77" After many 
decades of discussion and debate, no valid technical arguments 
against the feasibility of artificial replicators generally, or against 
the feasibility of molecular assemblers in particular, are known to 
the authors. By contrast, there are many proposals and analyses that 
support the feasibility of such systems. 

While the absence of valid technical counterarguments is reas- 
suring, existing design proposals have not been carried out in suf- 
ficient detail to permit construction, even if appropriate molecu- 
lar tools were available. If we are to develop assemblers, a neces- 


[: 1959, Feynman*'** proposed that we could arrange atoms in 


sary first step is to fully specify at least some of the simpler mem- 
bers of this genre. The result of a successful molecular assembler 
design effort would include at least one specific comprehensive 
design (given, for example, as a series of atomic coordinates and 
chemical elements specifying the position and type of every atom 
in the assembler) and accompanying analyses showing the validity 
of the design with respect to various criteria — e.g., that the pro- 
posed structures are stable at the intended operating temperature, 
the positional devices are sufficiently stiff to provide accurate po- 
sitioning of the molecular tools at the intended operating tem- 
perature, the reactions mediated by the molecular tools would work 
correctly,' the structures/parts described in the design can be syn- 
thesized both by a proto-assembler and by the designed assembler 
itself, and so forth. 


6.1 Initial Motivations for Study 

Although the design of a molecular assembler has been feasible 
for many years and basic design issues have been addressed by 
Drexler, !97-199.208 Merkle,2°9-22! and several others,219-225:2282322-2825 
surprisingly little organized effort has been devoted to it. There ex- 
ists, at the present time, no national program to design an assem- 
bler and no related university or academic projects, despite calls 
over the years for just such a national level effort equivalent in mag- 
nitude to the Manhattan Project or the Apollo Moon Program. For 
example, in 1992 Neil Jacobstein observed:>°°! 


Revolutions in science and engineering all start from a set of insights on 
technical feasibility and payoffs. However, nothing much happens until 
people with access to resources commit to making something happen. 
Envisioning a fundamental advance in technology requires deep know!- 
edge and insight, but making it happen requires access to vast resources, 
and systematic hard work sustained over a long period of time.... The 
goal, I believe, should be nothing less than a peacetime Manhattan 
Project — an international collaboration of industry and government 
to really accomplish molecular manufacturing. 


In the private sector, only a single company (Zyvex”?*°) has ex- 
plicitly pursued molecular assembler design as a long-term objec- 
tive. Even acknowledging that the time required to build the first 
prototypes is likely to be long, this state of affairs can only be de- 
scribed as astonishing. The potential payoff,!?”??°?8 as measured 
by almost any rational metric, is so enormous that it would seem to 
justify an effort representing some non-negligible fractional per- 
centage of the nation’s GDP (Gross Domestic Product) — espe- 
cially since other organizations or countries might have more ad- 
vanced, or better-targeted, programs to develop molecular 
nanotechnology and molecular assemblers. Molecular manufactur- 
ing may be the ultimate “disruptive technology”.*° 

In this Chapter we review both the arguments favoring a fo- 
cused design effort and the arguments opposing such an effort, then 
identify specific goals for a well-focused future design effort. 


6.2 Arguments Favoring a Focused Design Effort 

Arguments favoring a focused design effort include the proposi- 
tion that design precedes construction (Section 6.2.1), the need for 
a demonstration of feasibility (Section 6.2.2), and the need to clarify 
the proposal (Section 6.2.3). 
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6.2.1 Design Precedes Construction 

First and foremost, it seems unlikely that we can build an assem- 
bler in the absence of a design. It is difficult to know how long it 
might take to develop an assembler (including not only design but 
construction of early prototypes), but estimates are generally mea- 
sured in decades. While the authors believe that one to two decades 
is plausible, and while most estimates range from one to four de- 
cades, a minority of knowledgeable observers claim that it will take 
longer. 

Whatever the development time, it should be possible to shorten 
it significantly by the widespread availability in the technical com- 
munity of one or more feasible designs. These designs would per- 
mit a more careful analysis of the capabilities required for construc- 
tion, and would therefore focus attention on those experimental 
approaches that could most effectively speed development. A de- 
sign believed to be correct, but as yet unbuildable using present-day 
manufacturing techniques, can enable further design efforts in which 
the minimal design is backchained toward currently accessible manu- 
facturing techniques such as scanning probe microscopy.°’”? As 
Merkle”)? noted in a related context: “The direct manufacture of 
this ‘simple’ system with current technology seems unlikely to be 
feasible. As a consequence, it will probably be necessary to develop 
other systems that are easier to synthesize using today’s methods, 
but which are sufficiently powerful that we can use them to synthe- 
size more sophisticated systems. This might be likened to the ascent 
of a tall mountain in stages, with base camps established at interme- 
diate elevations. The precise nature of these intermediate stages de- 
pends on the design of the final stage. The present proposal might 
be likened to a final base camp, close enough to the peak that it’s 
clear that a final assault from this final base camp would reach the 
peak, but far enough removed that it’s significantly easier to reach 
the base camp than the peak.” It is useful, of course, to recall that 
just as in mountain climbing, one should not confuse mere glimpses 
of the summit with proximity to that goal. 

As Drexler*°’ explained in 1992: “In a forward chaining search 
(as the term is used in computer science), one pursues a goal by 
taking steps that may lead toward it, sometimes exploring blind 
alleys. If, however, all possible destinations are considered equally 
good, then there is no real goal, hence (by this loose standard) for- 
ward chaining never fails. In science, it is common to pursue ex- 
perimental programs opportunistically, choosing next steps based 
on immediate prospects and a sense of what is interesting, impor- 
tant, and fundable. This process resembles forward chaining with 
abundant, unranked goals, and it routinely produces incremental 
advances in knowledge and capabilities. 

“In backward chaining, one first describes a goal, then searches 
for intermediate situations one step removed from the goal, then 
for situations one step removed from those, and so forth, planning 
backward toward situations that are immediately accessible — that 
is, toward potential first steps on an implementation pathway. If 
there are many potential first steps, then backward chaining can be 
particularly attractive. In technology, it is common to select a goal 
based on its near-term feasibility and economic attractiveness and 
then plan backward to select the necessary parts and procedures. 
The enormous range of modern technological capabilities often 
provides many possibilities, hence engineers are more often con- 
cerned with cost and performance than with feasibility alone. 

“Molecular manufacturing is a technological goal (representing 
many scientific challenges), but it cannot be achieved in a few steps 
or a few years. Accordingly, one cannot expect to succeed by com- 
bining just existing parts and procedures. Backward chaining is still 
appropriate, but the links in the chain are intermediate technolo- 
gies, not mere parts and assembly procedures.” 
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It is likely that the existence of one well-developed proposal, 
with its specific parameters and results, would inspire efforts to pro- 
duce competitive proposals (whether related or diverse) that are 
improvements in some way. This intellectual competition would 
contribute to further useful explorations of the design space. 


6.2.2 Demonstration of Feasibility 

A second reason motivating a molecular assembler design project 
is to show feasibility. At the present time, not all members of the 
research community (and as a consequence not all decisionmakers) 
will agree that assemblers are possible. Molecular models of critical 
components and subsystems will provide both a more detailed tech- 
nical analysis of the issues and also a basis for graphics, animations, 
and other visual aids that can vividly and compellingly communi- 
cate the salient issues. Clearly, devoting substantial resources to a 
project is made more difficult if there is significant doubt about its 
ultimate feasibility. A detailed design effort should lay such doubts 
to rest, at least within the most crucial scientific and engineering 
communities that closely follow research in this area. 

Further, one or more credible published designs demonstrating 
feasibility should increase the absolute magnitude of the resources 
devoted to the development of a molecular assembler. A feasible 
design would drive home the point that assemblers are possible, a 
fact that would influence funding sources to direct additional re- 
sources towards their development. For instance, an issue of signifi- 
cant interest is the use of self replication to reduce manufacturing 
costs. Self replication is likely to have a revolutionary impact on the 
economics of manufacturing, driving the manufacturing cost per 
pound for most manufactured products down to levels seen in ex- 
isting products made using a self-replicating manufacturing base, 
such as agricultural products (wood, wheat, etc.) or even lower. As 
an example, consider the impact of a one kilogram molecular 
memory with a storage capacity measured in moles of bits (a mole is 
~6 x 10°, a unit of quantity common in chemistry) and an even- 
tual total manufacturing cost, at least in principle, as low as $1-$1000 
per kilogram, comparable to the prices of various products made by 
present-day biology-based self-replicating manufacturing systems 
(Table 6.1). The basic cost of production using a mature molecular 
manufacturing technology base, excluding development, distribu- 
tion and legally-mandated costs, will be dominated by the price of 
materials (Nanosystems*® at Section 14.5.6.h), which presently cost 
~0.1-0.5 $/kg (e.g., propane for manufacturing diamond; Table 6.1). 
This alone would revolutionize computer hardware capabilities. Yet 
this is but a single example of the numerous consequences of mo- 
lecular manufacturing — a manufacturing technology which will 
transform most other manufactured products equally profoundly. 

A cautionary historical analogy can be mentioned in connection 
with the development of the scanning tunneling microscope (STM) 
which is now employed for direct atomic visualization and other 
useful purposes in molecular nanotechnology. While it is well known 
that Gerd Karl Binnig and Heinrich Rohrer received the Nobel Prize 
for inventing the STM in 1981 at an IBM laboratory in Zurich, 
Switzerland,*”! what is perhaps less well known is that the first 
STM, complete with piezo scanning system, was almost invented a 
decade earlier.>°?? In 1971, Young, Ward and Scire reported 
metal-vacuum-metal tunneling experiments*””? and described a 
machine they had built*°*4 for these experiments at the National 
Bureau of Standards: “A noncontacting instrument for measuring 
the microtopography of metallic surfaces has been developed to the 
point where the feasibility of constructing a prototype instrument 
has been demonstrated.... In the MVM [metal-vacuum-metal] mode, 
the instrument is capable of performing a non-contacting measure- 
ment of the position of a surface to within about 3 Angstroms. The 
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Table 6.1. Current bulk prices of nanoscale-structured products manufactured in macroscale quantities by present-day 


biology-based self-replicating manufacturing systems 


Product Manufactured by the Replicator Replicator Price per Unit Mass 

Firewood (note 1) oak tree $ 0.07/kg 

Propane (note 2) extinct species $ 0.31/kg 

Cotton (note 3) cotton plant $ 0.86/kg 

Wool (note 4) sheep $ 0.99/kg 

Eggs (note 5) chickens $ 1.46/kg 

Beef (note 6) cattle $ 1.74/kg 

Mulberries (note 7) trees $ 22.00/kg 

Silk (note 8) silkworms $ 22.94/kg 

Filet mignon steak (note 9) cattle $ 88.00/kg 

Gastrointestinal microflora (note 10) bacteria $ 400.00/kg 

Beluga caviar (note 11) fish $ 796.46/kg 

Pearls (note 12) oysters $ 27,165.00/kg 

HeLa cells (note 13) cancer cells $ 216,000.00/kg 

Interferon (note 14) biology $ 190,000,000.00/kg 

Other manufacturing prices for comparison: 

Typical residential house (note 15) humans $ 1.00/kg 

Luxury automobile (note 16) humans $ 36.78/kg 

1.4 GHz laptop computer (note 17) humans $ 824.00/kg 

Gold coins (note 18) humans $ 12,900.00/kg 

Unpurified carbon SWNTs (note 19) humans $ 50,000.00/kg 

Purified carbon SWNTs (note 20) humans $ 500,000.00/kg 

Microprocessor active surface (note 21) humans $ 6,880,000.00/kg 

Cut diamonds (note 22) humans $ 28,000,000.00/kg 

Notes: 

1. oak firewood at $200/cord (typical 2003 price in Northern California), taking 128 ft3/cord, 50 lbs/ft3, and 0.4536 kg/lb. 

2. U.S. average wholesale propane price in December te $ 0. 696/gallon2° 

3. U.S. wholesale price of cotton in 2000: $0.3911 [b20 

4. U.S. wholesale price of wool in 2000: $0. 45/lb? 7 

5. combined regional price, extra large shell eggs, in 20043006 is $1. 0946/dozen eggs; mass of one extra large egg is ~2.2 oz, or 0.06237 kg/egg. 

6. beef heifers, weighted price all grades, 2004: MEE 02/100 lbs3007 

7. fresh mulberries, U.S. price, 2000: $10-$15/lb a 

8. raw silk from silkworms, Chinese export price, 2001: 5688 metric tons of exports valued at $130.48 million3009 

9. beef filet nine at fancy French restaurant, assuming $25 for a 10 oz steak. 

10. Alkadophilus'"’ gastrointestinal therapeutic refloration bacteria, 2004: $0.20/pill for ~0.5 cm 3 pills2971 

11. Beluga caviar, Russian importer, 2004: $90 per 113 gm containe 

12. cule akoy pearls, Chinese exporter, 2004: one strand of 53 AA quality pearls for $1250; 3011 pearls are 8.5 mm diameter with mean density ~2.7 gm/ 
cm 2 giving 0.868 gm per pearl. 

13. Hela cancer cell line, 1998: $216 per 1 cm? ampule2°13 

14. treatments for multiple sclerosis using two closely related ~22.5 kilodalton interferons administered in dosages of ~1 milligram/week at a treatment cost 
of ~$10,000/yr in 1996.04 

15. single-story 2000 square foot house, concrete slab, wood frame, assuming 100 metric ton total mass and $100,000 purctase price in 2004. 

16. 2003 Lexus SC 430 2-door convertible, shipping weight 3,730 lbs, retail purchase price $62,225 on 28 Sanualy ce 2004.3 

17. 1.4 GHz Dell Inspiron 8600 laptop computer with all upgrades, 6.9 lbs with purchase price of $2579 in 2004. 

18. gold, current market price at of January 2004: $400/troy oz 

19. unpurified carbon single-walled nanotubes (SWNTs): $50/gram quoted by Hee A otps and Carbon Solutions?°2” 

20. purified carbon single-walled nanotubes (SWNTs): ae a quoted by cnr3° 

21. microprocessor ce with 10 Micon thick active layer;? Pentium 4 chip occupies an area of 131 mm? on a wafer,3020 pl an estimated manufacturing 
cost of $21/chip;3 20 2.33 gm/cm3 density of Si and Si02 assumed for microchip active layer of volume 1.31 x 10°9 m3 per microchip. 

22. Gemstone diamond (natural), investment grade D flawless, cut gemstones, 1-carat size, 1997 JCK market quotes: $28,000/gm 


instrument can be used in certain scientific experiments to study 
the density of single and multiple atom steps on single crystal sur- 
faces, absorption of gases, and processes involving electronic excita- 
tions at the surfaces.” Although close to constructing a complete 
STM, this early effort was frustrated when the researchers’ funding 
was suddenly cut in 1972, just as their work was about to bear 
fruir. °°”? 

It is possible that potential funding sources have not yet inter- 
nalized the magnitude of the benefits that can reasonably be ex- 


pected from the development of molecular nanotechnology. A de- 
sign illustrating basic feasibility should help some decisionmakers 
grasp the importance of the remarkable opportunities which con- 
front us, and provide greater incentive to allocate resources to the 
entire research and development enterprise. In a 2003 public de- 
bate? with Richard Smalley, Eric Drexler observed that “U.S. 
progress in molecular manufacturing has been impeded by the dan- 
gerous illusion that it is infeasible. However, because it is a systems 
engineering goal, molecular manufacturing cannot be achieved by 
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a collection of uncoordinated science projects. Like any major engi- 
neering goal, it will require the design and analysis of desired sys- 
tems, and a coordinated effort to develop parts that work together 
as an integrated whole. Why does this goal matter? Elementary physi- 
cal principles indicate that molecular manufacturing will be enor- 
mously productive. Scaling down moving parts by a factor of a mil- 
lion multiplies their frequency of operation — and in a factory, 
their productivity per unit mass — by the same factor. Building 
with atomic precision will dramatically extend the range of poten- 
tial products, and decrease environmental impact as well. The re- 
sulting abilities will be so powerful that, in a competitive world, 
failure to develop molecular manufacturing would be equivalent to 
unilateral disarmament.” 

On the other hand, the benefits may appear to other 
decisionmakers as “too good to be true,” a phenomenon David 
Berube calls “nanohype”.*°”? Cautions Drexler:*°° “The very 
breadth of this range of applications has stimulated a reflexive rejec- 
tion of the possibility of the enabling technology. This is, however, 
like rejecting data on the neutron-induced fission cross-section of 
the U-235 nucleus in 1940 because one disbelieves the possibility 
of a million-fold increase in the energy density of explosive devices. 
The magnitude of the expected consequences gives reason for care- 
ful evaluation of feasibility, not for emotional dismissals. Thus far, 
the dismissals have effectively inhibited the feasibility studies.” 
Berube*? also observes that “venture capital sources have drained 
out due to the overuse of the nano prefix which seems to be at- 
tached to advanced MEMS research companies all over this coun- 
try and abroad.” 


6.2.3 Clarifying the Proposal 

A third powerful motivation for studying molecular assembler 
design is the need to clarify the proposal. At the present time, many 
research scientists support the general claim that we should eventu- 
ally be able to arrange atoms in most of the ways permitted by physi- 
cal law, and that artificial programmable self-replicating systems are 
feasible. However, many of those researchers who are supportive of 
these general claims do not as yet have a clear and specific under- 
standing of what a system able to arrange atoms and to self-repli- 
cate might look like. The only existing system designs that are widely 
understood are biological in character — and biological systems are 
notably deficient in several critical areas from the perspective of 
manufacturing. 

An important motivation of this book, as well as future studies, 
is to help eliminate certain popular misconceptions about replicators 
and the process of self-replication. The term “self replication” car- 
ries assumptions and connotations (mostly derived from biological 
systems) that are grossly incorrect or misleading when applied to 
many proposed machine self-replicating systems. For example, some 
people assume that replicating systems must (a) be like living sys- 
tems, (b) be adaptable (able to survive in the natural environment), 
(c) be very complex, (d) have onboard instructions, (e) be self-suffi- 
cient (using only very simple or basic parts), (f) be able to evolve 
into systems more powerful than us, and (g) come to view all living 
things, including us, as their food. As demonstrated elsewhere in 
this book, none of these assumptions is correct. 

Such misconceptions are more than of mere academic interest and 
could actually prove quite harmful. That’s because the fear of 
self-replicating systems~””’ is often based on misconceptions related 
to safety or assumptions about the supposed absence of viable control 
schemes. These misplaced fears could block needed research and thus 
prevent the acquisition of a deeper understanding of certain kinds of 
highly specialized systems that might pose serious concerns.””! This 
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is particularly true when programs and researchers avoid molecular 
assembler R&D for reasons of political convenience. 


6.3 Arguments Against a Focused Design Effort 

Arguments opposing a focused design effort include the propo- 
sitions that molecular assemblers are too dangerous (Section 6.3.1), 
are impossible (Section 6.3.2), or have not yet been demonstrated 
(Section 6.3.3), that early design will not speed development (Sec- 
tion 6.3.4), that assemblers would be no better than conven- 
tional alternatives (Section 6.3.5), that potential design errors 
would make the analysis inherently worthless (Section 6.3.6), 
that macroscale-inspired machinery won't work at the nanoscale 
(Section 6.3.7), and that the design is too obvious (Section 6.3.8). 
We review these arguments here and find them to be unconvincing. 
Indeed, many of them are demonstrably unfounded. 


6.3.1 Molecular Assemblers Are Too Dangerous 

The first argument against a molecular assembler design effort is 
that the end results are too dangerous. According to this argu- 
ment,”?”>?9°8 any research into molecular assemblers should be 
blocked because this technology might be used to build systems 
that could cause extraordinary damage. The kinds of concerns that 
nanoweapons systems might create have been discussed elsewhere, 
in both the nonfictional??°?9°?7-993113 and fictional?8?83%1,3032 
literature. Perhaps the earliest-recognized and best-known danger 
of molecular nanotechnology is the risk that self-replicating 
nanorobots capable of functioning autonomously in the natural 
environment could quickly convert that natural environment (e.g., 
“biomass’) into replicas of themselves (e.g., “nanomass”) on a glo- 
bal basis, a scenario usually referred to as the “gray goo problem” 
but more accurately termed “global ecophagy”.*”” As Drexler first 
warned in Engines of Creation in 1986:'”? 


“Plants” with “leaves” no more efficient than today’s solar cells could 
out-compete real plants, crowding the biosphere with an inedible foli- 
age. Tough omnivorous “bacteria” could out-compete real bacteria: They 
could spread like blowing pollen, replicate swiftly, and reduce the bio- 
sphere to dust in a matter of days. Dangerous replicators could easily be 
too tough, small, and rapidly spreading to stop — at least if we make no 
preparation....We cannot afford certain kinds of accidents with repli- 
cating assemblers. 


Such self-replicating systems, if not countered, could make the 
earth largely uninhabitable!?0°1> 7898.29) __ concerns that mo- 
tivated the drafting of the Foresight Guidelines for the safe devel- 
opment of nanotechnology””! (Section 5.11). But as the Center for 
Responsible Nanotechnology explains:>°”? 


Gray goo would entail five capabilities integrated into one small pack- 
age. These capabilities are: Mobility — the ability to travel through 
the environment; Shell — a thin but effective barrier to keep out di- 
verse chemicals and ultraviolet light; Control — a complete set of blue- 
prints and the computers to interpret them (even working at the 
nanoscale, this will take significant space); Metabolism — breaking 
down random chemicals into simple feedstock; and Fabrication — 
turning feedstock into nanosystems. A nanofactory would use tiny fab- 
ricators, but these would be inert if removed or unplugged from the 
factory. The rest of the listed requirements would require substantial 


engineering and integration?” 


Although gray goo has essentially no military and no commercial value, 
and only limited terrorist value, it could be used as a tool for blackmail. 
Cleaning up a single gray goo outbreak would be quite expensive and 
might require severe physical disruption of the area of the outbreak (at- 
mospheric and oceanic goos” 999 deserve special concern for this reason). 
Another possible source of gray goo release is irresponsible hobbyists. The 
challenge of creating and releasing a self-replicating entity apparently is 
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irresistible to a certain personality type, as shown by the large number of 
computer viruses and worms in existence. We probably cannot tolerate a 
community of ‘script kiddies”* releasing many modified versions of goo. 


Development and use of molecular manufacturing poses absolutely no 
risk of creating gray goo by accident at any point. However, goo type 
systems do not appear to be ruled out by the laws of physics, and we 
cannot ignore the possibility that the five stated requirements could be 
combined deliberately at some point, in a device small enough that 
cleanup would be costly and difficult. Drexler’s 1986 statement can 
therefore be updated: We cannot afford criminally irresponsible misuse 
of powerful technologies. Having lived with the threat of nuclear weap- 
ons for half a century, we already know that. 


Attempts to block or “relinquish”*?°*?°% molecular 
nanotechnology research will make the world a more, not less, dan- 
gerous place.*"°° This paradoxical conclusion is founded on two 
premises. First, attempts to block the research will fail. Second, such 
attempts will preferentially block or slow the development of de- 
fensive measures by responsible groups. One of the clear conclu- 
sions reached by Freitas””°’ was that effective countermeasures 
against self-replicating systems should be feasible, but will require 
significant effort to develop and deploy. (Nanotechnology critic Bill 
Joy, responding to Freitas, complained in late 2000 that any 
nanoshield defense to protect against global ecophagy “appears to 
be so outlandishly dangerous that I can’t imagine we would attempt 
to deploy it.”°°) But blocking the development of defensive sys- 
tems would simply insure that offensive systems, once deployed, 
would achieve their intended objective in the absence of effective 
countermeasures. James Hughes*”*° concurs: “The only safe and 
feasible approach to the dangers of emerging technology is to build 
the social and scientific infrastructure to monitor, regulate and re- 
spond to their threats.” 

We can reasonably conclude that blocking the development of 
defensive systems would be an extraordinarily bad idea. Actively 
encouraging rapid development of defensive systems by responsible 
groups while simultaneously slowing or hindering development and 
deployment by less responsible groups (“nations of concern”) would 
seem to be a more attractive strategy, and is supported by the Fore- 
sight Guidelines.*”' As even nanotechnology critic Bill Joy*°*” fi- 
nally admitted in late 2003: “These technologies won't stop them- 
selves, so we need to do whatever we can to give the good guys a 
head start.” 

While a 100% effective ban against development might theo- 
retically be effective at avoiding the potential adverse consequences, 
blocking all groups for all time does not appear to be a feasible goal. 
The attempt would strip us of defenses against attack, increasing 
rather than decreasing the risks. In addition, blocking development 
would insure that the substantial economic, environmental, and 
medical benefits**® of this new technology would not be available. 
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Observes Glenn Reynolds:3* “To the extent that such efforts 
[to ban all development] succeed, the cure may be worse than the 
disease. In 1875, Great Britain, then the world’s sole superpower, 
was sufficiently concerned about the dangers of the new technology 
of high explosives that it passed an act barring all private experi- 
mentation in explosives and rocketry. The result was that German 
missiles bombarded London rather than the other way around. Simi- 
larly, efforts to control nanotechnology, biotechnology or artificial 
intelligence are more likely to drive research underground (often 
under covert government sponsorship, regardless of international 
agreement) than they are to prevent research entirely. The research 
would be conducted by unaccountable scientists, often in rogue re- 
gimes, and often under inadequate safety precautions. Meanwhile, 
legitimate research that might cure disease or solve important envi- 
ronmental problems would suffer.” 

Finally, and as previously explained (e.g., Sections 3.13.2.2, 4.9.3, 
4.14, 4.17, 4.19, 5.7, and 5.9.4), it is well-known?"8 that self-repli- 
cation activities, as distinct from the inherent capacity for self-repli- 
cation, are not strictly required to achieve the anticipated broad 
benefits of molecular manufacturing. By restricting the capabilities 
of nanomanufacturing systems simultaneously along multiple de- 
sign dimensions (Section 5.1.9) such as control autonomy (A1), 
nutrition (E4), mobility (E10) and immutability (L3, L4), molecu- 
lar manufacturing systems — whether microscale or macroscale — 
can be made inherently safe. As Drexler?!° noted in a 2004 paper: 


In 1959, Richard Feynman pointed out that nanometer-scale machines 
could be built and operated, and that the precision inherent in molecu- 
lar construction would make it easy to build multiple identical copies. 
This raised the possibility of exponential manufacturing, in which pro- 
duction systems could rapidly and cheaply increase their productive ca- 
pacity, which in turn suggested the possibility of destructive runaway 
self-replication. Early proposals for artificial nanomachinery focused on 
small self-replicating machines, discussing their potential produc- 
tivity and their potential destructiveness if abused.... [But] 
nanotechnology-based fabrication can be thoroughly non-biological and 
inherently safe: such systems need have no ability to move about, use 
natural resources, or undergo incremental mutation. Moreover, 
self-replication is unnecessary: the development and use of highly pro- 
ductive systems of nanomachinery (nanofactories) need not involve the 
construction of autonomous self-replicating nanomachines.... Although 
advanced nanotechnologies could (with great difficulty and little incen- 
tive) be used to build such devices, other concerns present greater prob- 
lems. Since weapon systems will be both easier to build and more likely 
to draw investment, the potential for dangerous systems is best consid- 
ered in the context of military competition and arms control. 


Of course, it must be conceded that while nanotechnology-based 
manufacturing systems can be made safe, they could also be made 
dangerous. Just because free-range self-replicators may be “unde- 
sirable, inefficient and unnecessary”>!°° does not imply that they 


* According to cyberjournalist Clive Thompson,*°* elite writers of software viruses openly publish their code on Web sites, often with detailed descriptions of how the program 
works, but don’t actually release them. The people who do release the viruses are often anonymous mischief-makers, or “script kiddies” — a derisive term for aspiring young 
hackers, “usually teenagers or curious college students, who don’t yet have the skill to program computers but like to pretend they do. They download the viruses, claim to 
have written them themselves and then set them free in an attempt to assume the role of a fearsome digital menace. Script kiddies often have only a dim idea of how the 
code works and little concern for how a digital plague can rage out of control. Our modern virus epidemic is thus born of a symbiotic relationship between the people smart 
enough to write a virus and the people dumb enough — or malicious enough — to spread it.” 

Thompson goes on to describe his early 2004 visit to an Austrian programmer named Mario, who cheerfully announced that in 2003 he had created, and placed online at 
his website, freely available, a program called “Batch Trojan Generator” that autogenerates malicious viruses. Thompson described a demonstration of this program: “A little 
box appears on his laptop screen, politely asking me to name my Trojan. I call it the ‘Clive’ virus. Then it asks me what I’d like the virus to do. Shall the Trojan Horse format 
drive C:? Yes, I click. Shall the Trojan Horse overwrite every file? Yes. It asks me if I'd like to have the virus activate the next time the computer is restarted, and I say yes 
again. Then it’s done. The generator spits out the virus onto Mario’s hard drive, a tiny 3KB file. Mario's generator also displays a stern notice warning that spreading your creation 
is illegal. The generator, he says, is just for educational purposes, a way to help curious programmers learn how Trojans work. But of course I could ignore that advice.” 

Apparently top “malware’ writers do take some responsible precautions, notes Thompson. For example, one hacker's “main virus-writing computer at home has no Internet 
connection at all; he has walled it off like an airlocked biological-weapons lab, so that nothing can escape, even by accident.” Some writers, after finishing a new virus, 
“immediately e-mail a copy of it to antivirus companies so the companies can program their software to recognize and delete the virus should some script kiddie ever release 
it into the wild. 


206 


cannot be built, or that nobody will build them. How can we avoid 
“throwing out the baby with the bathwater”? The correct solution, 
first explicitly proposed by Freitas””°’ in 2000* and later partially 
echoed by Phoenix and Drexler?!° in 2004,** starts with a care- 
fully targeted moratorium or outright legal ban on the most dan- 
gerous kinds of nanomanufacturing systems, while still allowing the 
safe kinds of nanomanufacturing systems to be built — subject to 
appropriate monitoring and regulation commensurate with the lesser 
risk that they pose. 

Virtually every known technology comes in “safe” and “danger- 
ous” flavors which necessarily must receive different legal treatment. 
For example, over-the-counter drugs are the safest and most diffi- 
cult to abuse, hence are lightly regulated; prescription drugs, more 
easy to abuse, are very heavily regulated; and other drugs, typically 
addictive narcotics and other recreational substances, are legally 
banned from use by anyone, even for medicinal purposes. Artificial 
chemicals can range from lightly regulated household substances 
such as Clorox or ammonia; to more heavily regulated compounds 
such as pesticides, solvents and acids; to the most dangerous chemi- 
cals such as chemical warfare agents which are banned outright by 
international treaties. Another example is pyrotechnics, which range 
from highway flares, which are safe enough to be purchased and 
used by anyone; to “safe and sane” fireworks, which are lightly regu- 
lated but still available to all; to moderately-regulated firecrackers 
and model rocketry; to minor explosives and skyrockets, which in 
most states can be legally obtained and used only by licensed pro- 
fessionals who are heavily regulated; to high-yield plastic explosives, 
which are legally accessible only to military specialists; to nuclear 
explosives, the possession of which is strictly limited to a handful of 
nations via international treaties, enforced by an international in- 
spection agency. Yet another example is aeronautics technology, 
which ranges from safe unregulated kites and paper airplanes; to 
lightly regulated powered model airplanes operated by remote con- 
trol; to moderately regulated civilian aircraft, both small and large; 
to heavily regulated military attack aircraft such as jet fighters and 
bombers, which can only be purchased by approved governments; 
to intercontinental ballistic missiles, the possession of which is strictly 
limited to a handful of nations via international treaties. 

Note that in all cases, the existence of a “safe” version of a tech- 
nology does not preclude the existence of a “dangerous” version, 
and vice versa. The laws of physics permit both versions to exist. 
The most rational societal response has been to classify the various 
applications according to the risk of accident or abuse that each one 
poses, and then to regulate each application accordingly. The soci- 
etal response to the tools and products of molecular nanotechnology 
will be no different. Some MNT-based tools and products will be 
deemed safe, and will be lightly regulated. Other MNT-based tools 
and products will be deemed dangerous, and will be heavily regu- 
lated, or even legally banned in some cases. 

Of course, the mere existence of legal restrictions or outright 
bans does not preclude the acquisition and abuse of a particular 
technology by a small criminal fraction of the population. For in- 
stance, in the high-risk category, drug abusers obtain and inject them- 
selves with banned narcotics; outlaw regimes employ prohibited 
poison chemicals in warfare; and rogue nations seek to enter the 
“nuclear club” via clandestine atomic bomb development programs. 
Bad actors such as terrorists can also abuse less-heavily regulated 
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products such as fully-automatic rifles or civilian airplanes (which 
are hijacked and flown into buildings). The most constructive re- 
sponse to this class of threat is to increase monitoring efforts to 
improve early detection and to pre-position defensive instrumen- 
talities capable of responding rapidly to these abuses, as recom- 
mended in 2000 by Freitas”””” in the molecular nanotechnology 
context. 

The least problematic danger of a new technology is the risk of 
accident or malfunction. Engineers generally try to design products 
that work reliably and companies generally seek to sell reliable prod- 
ucts to maintain customer goodwill and to avoid expensive product 
liability lawsuits. But accidents do happen. Here again, our social 
system has established a set of progressive responses to deal effi- 
ciently with this problem. A good example is the ancient technol- 
ogy of fire. The uses of fire are widespread in society, ranging from 
lightly-regulated matchsticks, butane lighters, campfires, and inter- 
nal combustion engines, to more heavily regulated home HVAC 
furnaces, municipal incinerators and industrial smelters. A range of 
methods are available to deal quickly and effectively with a fire that 
has accidentally escaped the control of its user. Home fires due to a 
smoldering cigarette or a blazing grease pan in the kitchen are readily 
doused using a common household fire extinguisher. Fires in com- 
mercial buildings (e.g., hotels) or industrial buildings (e.g., facto- 
ries) are automatically quenched by overhead sprinkler systems. 
When these methods prove insufficient to snuff out the flames, the 
local fire department is called in to limit the damage to just a single 
building, using fire trucks, water hoses and hydrants. If many build- 
ings are involved, more extensive fire suppression equipment and 
hundreds of firefighters can be brought in from all across town to 
hold the damage to a single city block. In the case of the largest 
accidental fires, like forest fires, vast quantities of heavy equipment 
are deployed including thousands of firefighters wielding special- 
ized tools, bulldozers to dig firebreaks, helicopters with pendulous 
water buckets, and great fleets of air tankers dropping tons of fire 
retardants. (These progressive measures also protect the public in 
cases of deliberate arson.) The future emergency response hierarchy 
for dealing with MNT-based accidents will be no less extensive and 
will be equally effective in preserving human life and property, while 
allowing us to enjoy the benefits of this new technology. Notes Steen 
Rasmussen of Los Alamos National Laboratory in New Mexico: 


“The more powerful technology you unleash, the more careful you 
have to be.”9!°7 


6.3.2 Molecular Assemblers Are “Impossible” 

The second argument against designing a molecular assembler is 
that it is simply impossible. 419792 According to this argument, 
artificial programmable self-replicating manufacturing systems can- 
not be built by human engineers, and therefore any attempt to de- 
velop them constitutes wasted effort. This claim conveniently elimi- 
nates any concerns that might otherwise be raised by the potential 
development of nanoweapons systems. In this view, the risks of 
nanotechnology are intrinsically low, or limited to toxicology risks 
such as the inhalation of nanoparticles.”°’ 

Initial arguments against feasibility were sweeping, and based 
on supposedly universal principles. Molecular assemblers were 
deemed impossible because thermal noise or quantum effects made 
molecular machines in general impossible.*°*°” These arguments 


* Freitas (2000):7° “Specific public policy recommendations suggested by the results of the present analysis include: (1) an immediate international moratorium on all artificial 
life experiments implemented as nonbiological hardware. In this context, ‘artificial life’ is defined as autonomous foraging replicators, excluding purely biological 
implementations (already covered by NIH guidelines tacitly accepted worldwide) and also excluding software simulations which are essential preparatory work and should 
continue. Alternative ‘inherently safe’ replication strategies such as the broadcast architecture are already well-known....” 


** Phoenix and Drexler (2004):7!°° “The construction of anything resembling a dangerous self-replicating nanomachine can and should be prohibited.” 
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lost ground when it was pointed out that biological molecular ma- 
chines exist, and are able to function despite any limitations that 
might be imposed by thermal noise or quantum uncertainty. It may 
be recalled that in 1959, biologist Garrett Hardin®°? noted that 
some geneticists called genetic engineering “impossible” as well. 
Today such criticisms of molecular assemblers survive only among 
ill-informed authors**”° who are obviously unfamiliar with the vo- 
luminous technical literature on this subject. 

More recent arguments concede the feasibility of biological mo- 
lecular machines but attempt to argue that there are fundamental 
differences between biological systems and molecular assemblers able 
to synthesize a wide variety of non-biological materials. For example, 
in 2001 Vogel!? wrote: “Future man-made nanosystems will cer- 
tainly be able to perform a variety of functions, but a robot that is 
proficient in all three functions — movement in space, recognition 
of a chemically complex environment, and self-replication — will 
remain the fabric of dreams.” Most notably, in the same year Nobel 
chemist Richard Smalley wrote in a now-classic quotation:!4 
“Self-replicating, mechanical nanobots are simply not possible in our 
world.”* In support of this bold claim, Smalley advanced two objec- 
tions — the “fat fingers” and “sticky fingers” problems — which are, 
in reality, objections to mechanosynthesis and not to self-replication. 

The “fat fingers” objection is the assertion!*°™" that “there just 
isn't enough room in the nanometer-size reaction region to accom- 
modate all the fingers of all the manipulators necessary to have com- 
plete control of the chemistry.” How many fingers are necessary? 
The original claim*°” that “chemistry is the concerted motion of at 
least 10 atoms” excludes a large part of well-known chemistry and 
was subsequently expanded'* to the claim that: “In an ordinary 
chemical reaction five to 15 atoms near the reaction site engage in 
an intricate three-dimensional waltz that is carried out in a cramped 
region of space measuring no more than a nanometer on each side.” 
The supposed need for 15 “fingers” in “ordinary” chemical reac- 
tions, and the apparent impossibility of placing 15 probe tips in the 
small volume of a reaction site was then deemed “fundamental.” 

But chemical reactions often involve less than five reactants, and 
frequently involve only two. These two reactants can be brought 
together with one reactant bound to a substrate and the second 
reactant positioned and moved by a single “finger” — as has already 
been demonstrated experimentally, for example, by Ho and Lee, 
using an STM. Even if steric constraints near the tool tip made it 
unexpectedly difficult to manipulate particular individual atoms or 
small molecules with sufficient reliability, a simple alternative would 
be to rely upon conventional solution or gas phase chemistry for 
the bulk synthesis of nanoparts consisting of 10-100 atoms. These 
much larger nanoparts could then be bound to a positional device 
and assembled into larger (molecularly precise) structures without 
further significant steric constraints. This is the approach taken by 
the ribosome** in the synthesis of proteins: individual amino ac- 
ids are sequentially assembled into a specific atomically precise 
polypeptide without the need to manipulate individual atoms (Sec- 
tion 4.2). “Atomically precise” is a description of the precision of 
the final product, not a description of the manufacturing method. 
The “fat fingers” problem disappears. 
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The “sticky fingers” objection is the assertion’ that “...the at- 
oms of the manipulator hands will adhere to the atom that is being 
moved. So it will often be impossible to release this minuscule build- 
ing block in precisely the right spot....these problems are funda- 
mental...” The existence of some unworkable reactions does not 
preclude the possibility of a great number of workable reactions. If 
the “sticky fingers” problem** is truly fundamental, then no set of 
reactions could exist which allows the synthesis of a useful range of 
precise molecular structures. But we know this is untrue. The ribo- 
some, a ubiquitous biological molecular assembler that suffers from 
neither the “fat finger” nor the “sticky finger” problem, readily syn- 
thesizes the class of atomically precise molecular structures known 
as proteins using positional techniques (Section 4.2). It is unclear 
why we should expect there to be no other classes of atomically 
precise molecular structures that can be synthesized using positional 
techniques. The experimental observation that ribosomes can syn- 
thesize polymers such as proteins under programmatic control ap- 
pears to contradict the hypotheses that the programmatic synthesis 
of stiffer polycyclic structures such as diamond is “fundamentally” 
impossible, and that mechanical assemblers will never be built. 

More directly, we can examine both those reactions that have 
been proposed specifically for use in a mechanical assembler and 
those reactions that take place using an SPM (scanning probe mi- 
croscope). Drexler*°’ discusses the mechanosynthetic reactions that 
might be used to synthesize some diamondoid structures of inter- 
est. Generally, these involve a single “finger,” i.e., a probe tip with a 
functionalized end that would cause a site-specific reaction on a 
growing molecular workpiece. Merkle”!° discusses several reactions 
which involve two, three, and even four reactants bound to the tips 
of molecular tools. Merkle and Freitas'?*??*> have extended this 
work, and Freitas’*** in early 2004 filed the first known patent on 
diamond mechanosynthesis. A large and growing literature on rel- 
evant research work with SPMs — both theoretical??23-2927:3045-3050 
and experimental??8%3!-3°5> __ supports the feasibility of site-spe- 
cific reactions involving a reactive tip structure interacting with a 
surface or with a molecule on a surface. 

Other than the current lack of working molecular assemblers 
(Section 6.3.3), which might be compared with the lack of rockets 
able to go to the moon in 1950, there appears to be little evidence 
to support the claim of impossibility and much evidence to refute 
it.''7 The existence of a wide range of self-replicating biological 
systems, of new developments in biotechnology and programmable 
microbes (Sections 4.4 and 4.5) or biobotics,!®”> and the existence 
of extensive theoretical work on self-replication and nanoscale manu- 
facturing!?”?263?32525 strongly support the claim that artificial 
self-replicating molecular manufacturing systems are feasible, ame- 
nable to human design, and will eventually be developed. 

Others have argued that artificial self replicating systems are, in 
general, impossible.!4? This claim is contradicted by the fact that 
compelling examples of artificial replicators exist in the macroscale 
world (Chapter 3). For example, a number of simple mechanical 
devices capable of primitive replication from simple substrates have 
been known since the 1950s, and self-replicating computer pro- 
grams have been known at least since the 1970s.” The Japanese 


* The utility of organic chemists in commenting on nanosystems engineering may be similar to that of traditional explosives experts commenting on the Manhattan project. 
Most notably, Fleet Admiral William D. Leahy, Chief of Staff to U.S. President Harry Truman during World War II and formerly Chief of the Naval Bureau of Ordinance during 
1927-31 (and later Chief of Naval Operations during 1937-39), maintained until Hiroshima that the atomic bomb being developed under the Manhattan Project would never 
work, “This is the biggest fool thing we have ever done,” he told Truman** in 1945 after Vannevar Bush had explained to the President how the bomb worked. “The bomb 
will never go off, and I speak as an expert in explosives.” Five years later in his memoirs,” he frankly admitted his error. 


** The only actual proposal for using “sticky fingers” that the authors have been able to locate involves the materials-selective glue idea*°“ proposed in connection with a yet-to-be 
designed macroscale replicator intended to be built from 0.45-cm machined plastic Lucite blocks. In this informal proposal, a polyethylene hand would grasp the individual 
Lucite blocks and positionally assemble them into larger structures, after dipping in a methylene chloride glue which “will only bond Lucite to Lucite, but does not bond 
polyethylene.” Presumably the polyethylene hand would later be assembled using a Lucite hand that dips polyethylene building blocks into a glue that does not bond Lucite. 
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manufacturing company Fujitsu Fanuc Ltd. briefly operated the first 
“unmanned” robot factory in the early 1980s,” then reopened an 
improved automated robot-building factory in April 19987)? that 
uses larger two-armed robots to manufacture smaller robots with a 
minimum of human intervention, starting from inputs of robot 
parts, at the rate of 1000 daughter copies (of individual robots) per 
year; apparently a different part of the factory uses a distributive 
warehouse system for automatically assembling the larger robots.’!° 
Other robotic manufacturers such as Yasukawa Electric’ also use 
robots to make robot parts.’'' The manufacturing base of most in- 
dustrialized countries, of many states or provinces, and even of some 
individual large municipalities can produce most of the material 
artifacts of which the base itself is composed, constituting yet an- 
other existence proof for artificial or technological self-replication. 
Finally, the world’s first macroscale autonomous machine replicator, 
made of LEGO® blocks, was built and operated in 2002 (Section 
3.23.4). By contrast, the arguments that have been advanced against 
the feasibility of artificial self replicating systems in general and as- 
semblers in particular”’**” are of uniformly poor technical quality 
and display an astonishing ignorance of the relevant literature. 

Feasibility can be demonstrated by exhibiting a single feasible 
design. Impossibility can only be proven by showing that all poten- 
tial designs are impossible. As there are a vast number of designs 
that can be imagined, and a potentially even vaster number that 
have yet to be imagined, the task of proving impossibility is daunt- 
ing. The great value of impossibility proofs is well understood in 
computer science, where the impossibility of solving the halting 
problem is a widely known and very robust result — a result based 
on rigorous proofs. Knowing that a problem is impossible is very 
useful, as it means research to solve the problem can be abandoned. 

By contrast, attempts to kill research into molecular manufac- 
turing systems by the casual use of the term “impossible,” supported 
by arguments that collapse under even casual scrutiny, and in the 
absence of any attempt at rigor, are on par with previous claims that 
flight to the moon was impossible, or that heavier-than-air flight 
was impossible. 

The related claim of impracticality is sometimes advanced on 
the basis that because evolution required “billions of years” (actu- 
ally, ~0.8 billion years; Section 5.10) to produce bacteria, it is im- 
practical to expect to design artificial self-replicating assemblers in 
any time frame relevant to human effort.°°°© However, the same 
line of reasoning would suggest that jet airplanes are even more 
improbable than artificial replicators because an even longer ~4.6 
billion years of natural evolution were required to produce a Boeing 
747 aircraft. Since aircraft do exist, this argument is proven to be 
false. Human engineers can act with purpose; nature cannot. It is 
important to note in this context that if the Wright brothers be- 
lieved that heavier than air flight was theoretically infeasible, they 
never would have persisted in engineering an airplane. The claims 
of theoretical infeasibility and the skepticism surrounding the de- 
velopment of an assembler have inhibited both nanotechnology 
R&D and education. 

A more intellectually honest evaluation might note that the time 
from the first experimental demonstration of a manually-operated 
macroscale artificial replicator (Penrose Block Replicators, 1957; 
Section 3.3) to the first experimental demonstration of a fully auto- 
matic macroscale artificial replicator (Suthakorn-Cushing-Chirikjian 
Autonomous Replicator, 2002; Section 3.23.4) was a mere 45 years. 
The first “manual” assembly of a microscale replicator was achieved 
by Jeon et al!8® in 1970 and by Morowitz!®*! in 1974 when they 
assembled a viable synthetic amoeba organism starting from three'®° 
and later five!®*! separate amoeba parts that had been cannibalized 
from many different organisms. Applying the same 45-year time 
increment to achieve the first automated assembly of a microscale 
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replicator might suggest an arrival date of 2015-2019 for the first 
molecular assembler or nanofactory. The first demonstration of arti- 
ficial bactertum-building should occur within a decade or sooner (Sec- 
tion 4.4), since the first construction of a polio virus from scratch has 
already been demonstrated, in 2002.!94? As for molecular assemblers 
or nanofactories, it appears that the schedule is far more sensitive to 
budgetary support constraints than to technological difficulty. 


6.3.3 Assemblers Have Not Yet Been Demonstrated 
A few skeptics have argued”?! that regardless of whether or not 
assemblers are “impossible,” the fact that they have not yet been 
demonstrated in the laboratory means that there is no point in talk- 
ing about them. Others!4?”'“?8 note that assemblers are at best a 
very distant goal: “Being able to use an AFM tip to move around 
xenon atoms on the surface of a single crystal to write a company’s 
logo is indeed a remarkable achievement, but from here to the 
nanomechanical synthesis of objects shaped into the diamond lat- 
tice with atomic precision is a very long way.” While a lack of full 
demonstration to date is of course true, it is also true that the two key 
functionalities of molecular assemblers — namely, positional 
atomic-scale mechanosynthesis*””” and an artificial self-replicating 
robot with parts-assembly capability (Section 3.23) — have already 
been demonstrated in the laboratory. The principal reason for talking 
about molecular assemblers and nanofactories is the tremendous ben- 
efits that molecular manufacturing would bring (Section 6.3.5). 

If this argument was applied to all of engineering research and 
development, then every technological advance would take us com- 
pletely by surprise because we would be unable to discuss it until it 
happened. History serves to challenge this position. As noted else- 
where (Section 6.3.4), many advances were in fact discussed exten- 
sively before they were achieved. Many others which were not ad- 
equately discussed in advance, such as the possibility of cloning 
mammals, yielded unpleasant or disruptive surprises. Demanding 
that no discussion or investigation should occur until results are 
demonstrated is a philosophical position of fatalism, not a technical 
argument against any particular technology. 


6.3.4 An Early Design Will Not Speed Development 

A fourth argument against designing an assembler at this time is 
that such a design might not speed development. This argument 
holds that even if we knew a fully detailed and validated design, a 
design that was in fact physically possible, it would neither advance 
our state of knowledge nor speed development because our present 
comparatively primitive experimental abilities are insufficient to 
build it. Therefore, why bother to create the design? In other words, 
exploratory engineering should not be done at all — the ability to 
build nanostructures experimentally ought to be demonstrated be- 
fore systems-level analysis should be attempted. 

This perspective suffers from the misconception of technologi- 
cal determinism: the idea that new technology is developed on a 
more-or-less fixed schedule, independent of the desires and efforts 
of those involved. According to this view, humans first traveled to 
the moon in 1969 because that was when the technology to do so 
was available. There are two related sub-arguments here: First, that 
the moon landing could not have been done before 1969, and sec- 
ond, that the moon landing would not have been significantly de- 
layed after 1969 because once the technology was available, it was 
inevitable that someone would do it. 

To the first sub-argument, Robert Goddard’s classic 1919 paper 
describing how a small payload could be sent to the lunar surface?”® 
and the existence of early “manned moon rocket” technical design 
proposals in the 1930s and 1940s*°”? (which included numerous fea- 
tures later adopted in the Apollo Program) established that such ma- 
chines were plausible. This gave decisionmakers sufficient confidence 
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to proceed with development once the political will and public re- 
sources became available for such efforts in the early 1960s, even 
though these efforts probably could have begun decades earlier. 
“These developments involve many experimental difficulties, to be 
sure,” Goddard wrote of the proposed moon shot in his 1919 pa- 
per, “but they depend upon nothing that is really impossible.” He 
presciently concluded his classical work*°”® as follows: “Although 
the present paper is not the description of a working model, it is 
believed, nevertheless, that the theory and experiments, herein de- 
scribed, together settle all points that could seriously be questioned, 
and that it remains only to perform certain necessary preliminary 
experiments before an apparatus can be constructed that will carry 
recording instruments to any desired altitude.” 

To the second sub-argument, we observe that human astronauts 
have not visited the Moon in 30 years, even though the technology 
remains eminently available. Thus the mere availability of a tech- 
nology does not imply that its usage is inevitable if there is no clear 
recognition of the benefits of using it. 

The claim that a design is useless because we can’t immediately 
build it presupposes that the design will have no influence on our 
assessment of how easy it is to build. But it seems premature to 
draw broad conclusions about the difficulty of building something 
in the absence of a design. In research, it is not uncommon to view 
a problem as very difficult or even impossible — and yet when the 
solution is found, the problem, in retrospect, appears quite simple. 
In the present case, we need at least one worked example before we 
can begin to reasonably address the question of how hard it is to 
build an assembler. The answer to this question would seem to de- 
pend very much on the proposed designs and the volume of the 
design space that can be explored. The experience of the present 
authors is that the “difficult” and “fundamental” problems involved 
in the design of a molecular assembler succumb when systematic 
efforts are applied to their solution. 

Another important historical example can shed some light on 
the issues involved. In 1821, Charles Babbage designed the Differ- 
ence Engine (the first hands-off algorithm-executing machine), and 
by 1834, Babbage had conceived detailed plans for his even more 
complex Analytical Engine, intended as a general-purpose program- 
mable computing machine but based entirely on 19th century me- 
chanical technology.°°%°% The Analytical Engine was to have a 
random-access memory consisting of 1000 words of 50 decimal digits 
each (~175,000 bits), with separate memory and central processing 
unit (CPU), a special storage unit for the instructions or program, 
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data entry via punched metal cards, and even an output 
prancet 20012092909 This ambitious device, though well specified, 
was never built. (A 2000-part working subsection of Babbage’s 
brass-geared Difference Engine was demonstrated in 1832, and an 
entire working Difference Engine was reconstructed by historians 
in 1991, proving that Babbage’s design was sound) ,30% 

But Babbage’s proposals were forgotten* and the development 
of the stored program computer was delayed by about a century. 
Was that delay primarily caused by our experimental limitations? 
Or would a better understanding of the theoretical issues have al- 
lowed us to build a stored program computer in the mid 1800s? In 
short, was the development of the stored program computer in the 
mid 20th century the result of technological determinism? Or was 
the timing of this most critical technological development influ- 
enced by the somewhat random interplay of ideas and events that 
took place during the preceding decades? We suspect the latter. 

With the advantage of hindsight, we can see that an electrical 
relay-based programmable digital computer could have been built 
in the 1850s, or earlier.** The first electromagnet was invented by 
William Sturgeon in 1825, Joseph Henry built the first electromag- 
netic signaling relay in 1831, and Samuel Morse exhibited the first 
compact relay-based telegraphy device in 1837 — just three years 
after Babbage’s Analytical Engine design work. Telegraphy was rap- 
idly commercialized in the 1840s,2°°8 with the mature consolida- 
tion phase of this 19th-century high-tech industry marked by the 
founding of Western Union in 1851. Thus by the 1850s, telegraphs 
were common, electromechanical relays were well known, and the 
major barrier to implementing a stored program computer was our 
collective failure to understand how easily it could have been imple- 
mented with readily available electromechanical technology. Indeed, 
the world’s first programmable digital computer, built by Konrad 
Zuse in 1941, used 1,408 electromechanical relays for its 1,408-bit 
random access memory and another 1,200 relays for its central pro- 
cessing unit.>°© (Zuse’s Z-3 machine computed very slowly, taking 
3 seconds to perform a single multiplication). Acknowledging 
Babbage’s 110-year precedence, one computer historian*’”? described 
the much larger relay-based Mark I, the first American program- 
mable digital computer completed in 1944 by Howard Aiken, as 
“an electromechanical Analytical Engine with IBM card handling.” 
Had Babbage undertaken a more systematic exploration of the de- 
sign space for computational engines (e.g., including electromechani- 
cal options as well as purely mechanical options), and had he been 
successful in enlisting the aid of others*** with a clearer exposition 


* The Report of the Committee of the British Association for the Advancement of Science,*°” written in 1878 about halfway in time between Babbage and ENIAC, demonstrates 
that Babbage wasn’t entirely forgotten. These mainstream scientists knew exactly what the Analytical Engine could be good for (flexible digital program execution for universal 
calculation), and that it might be useful in a few special cases. But, they argued, the Engine was incompletely specified, and it was not clear whether practical problems would 
prevent it from working. Furthermore, it was unknown how much effort would be required or how much it would cost. The final official recommendation read as follows: “Having 
regard to all these considerations, we have come, not without reluctance, to the conclusion that we cannot advise the British Association to take any steps, either by way 
of recommendation or other wise, to procure the construction of Mr. Babbage’s Analytical Engine and the printing tables by its means. We think it, however, a question for 
further consideration whether some specialized modification of the engine might not be worth construction, to serve as a simple multiplying machine.” Politicians were perhaps 
less insightful, according to a remark attributed!” to Babbage: “On two occasions, I have been asked [by members of Parliament], ‘Pray, Mr. Babbage, if you put into the 
machine wrong figures, will the right answers come out?’ I am not able to rightly apprehend the kind of confusion of ideas that could provoke such a question.” 


** An alternative history that might have resulted if Babbage’s invention had taken hold a century earlier, including giant computing machines transforming global politics, 
economics and culture in the 19th century, was examined fictionally by Gibson and Sterling in 1990.°°7 


*** New and superior technologies can still be torpedoed by bureaucrats. For instance, in 1861, Giovanni Caselli patented the pantelegraph or Universal Telegraph, a machine 
system for sending and receiving images over long distances by telegraph, with transmitted images reproduced using electrochemistry and signals transmitted using the 
electromagnetic relays that Babbage had ignored. The pantelegraph was the first prototype of a modern fax machine. Overland links were established between several pairs 
of European and British cities, with the line between Paris and Lyon handling 5000 faxes during the first year of operation in 1865. Despite the enthusiastic personal interest 
of Emperor Napoleon III and the formation of a commercial Pantelegraph Society in Paris to promote the device, Caselli “clashed with the French Telegraphs administration 
which, fearing competition with its ordinary telegraphic network, refused to lower the tariff for handwritten dispatches and even advised taxing such dispatches at a higher 
rate than ordinary ones. Although the pantelegraph, like today’s fax, was perfectly able to transmit written texts correctly, there was a general refusal to allow it any other 
role than the transmission of a banking signature or a trademark, since this was the only system capable of doing so, and the Telegraphs administration went on to ensure 
it was gently stifled out of existence. ”*°”? The fax did not make a comeback until the 1980s. Babbage himself probably won few friends in the British establishment when he 
published an “unmannerly” pamphlet’? denouncing the Royal Society and alleging “that wealthy Tory amateurs had a stranglehold on science policy and were discriminating 
against socially less well positioned scientists, who were more deserving of support.” 
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of the potential benefits, it seems quite clear in retrospect that the 
development of the stored program digital computer could have 
been accelerated by almost a century. 

We expect that the development of the first molecular assembler 
can be similarly accelerated by a systematic exploration of its design 
space (Section 5.1.9) — an important motivation for the writing of 
this book (Section 6.5). 

This leads to an important related point: the design of a molecu- 
lar assembler will not represent a static object which is dropped 
upon an eagerly awaiting scientific community (the so-called “wa- 
terfall” or “trickle down” model of development). Instead, the de- 
sign will lead to a proposal which will promptly be criticized from a 
variety of perspectives. These criticisms will then be used to evolve 
a second design better able to address the issues raised by the first 
design. A likely criticism of the first design might be: “We see how 
to build components A and B, but C is quite beyond us — change 
it!” The second proposal will itself attract further criticism, leading 
to further modifications. The design effort will be ongoing, with 
the objective of simplifying the design to the point that it can be 
manufactured using available technology. The people involved in 
the design effort will not just be familiar with a single design, like 
Babbage. Rather, they will become knowledgeable about the shape 
of the design space, the range of system designs that are feasible, 
and the tradeoffs that can be made to simplify or to change various 
aspects of the design. 


6.3.5 Assemblers Would Be No Better Than Conventional 
Alternatives 

A fifth criticism is that molecular assemblers would not be able to 
produce products of any great value, and that continued evolutionary 
advances in existing manufacturing methods will allow us to make 
everything we could desire by extensions of existing techniques. 

This argument receives its greatest support from a very simple 
fact: we know and understand the value of the products that we can 
already make, for we use them regularly and understand them at 
least reasonably well. We have little understanding of the products 
we have not yet made, and so we question both their feasibility and 
their value because we have no experience of them. Thus, any prod- 
uct that has not already been made is viewed with suspicion. But 
the justification of a new manufacturing method is precisely that it 
can make new products that are of great value — and it is precisely 
here that our collective understanding is at its weakest. As a conse- 
quence, some critics have argued that assemblers will make little 
contribution to our ability to manufacture useful new products be- 
cause these critics have but a weak grasp of the truly astonishing 
range of products that are possible but which have not yet been 
made. 

Fortunately, we have one class of products where molecular 
manufacturing will clearly let us build new and remarkably valu- 
able products: computers.2°°7°743078 Computer memories, com- 
puter processors, and mass storage will all very obviously benefit 
from improved manufacturing technologies. Even the poorest in- 
formed can understand that computers are dramatically more pow- 
erful today than they were a few decades ago, and that this trend is 
likely to continue for at least many more years. Almost everyone 
can understand that computer hardware may be pushed to its ut- 
most limits if we are able to arrange atoms in the precise patterns 
that we desire, rather than the molecularly imperfect patterns that 
we can make at present. 

Even here, though, ignorance can create a fog that thwarts 
progress. In a conversation with a highly placed head of a govern- 
mental research organization, one of the authors [Merkle] found 
himself explaining that the ability to arrange dopant atoms at 
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specific lattice sites would greatly improve the performance of com- 
puter hardware (as compared with the present-day statistical dis- 
persal of dopant atoms in regions of silicon). The highly placed 
official quite literally did not know if such precision would or would 
not be helpful.°°”? Ignorance of what has not yet been built creates 
doubts that sap support, and lends credence to those who advocate 
doing nothing. There is always a plentiful supply of such advocates. 

Computers, of course, are only one of the many revolutionary 
new applications of molecular nanotechnology. Medical applica- 
tions will transform healthcare throughout the world. !??7?899,2910 
Here, it is much easier to miss the magnitude of the change that is 
coming. Disease and sickness are so much a part of our lives that 
we have a hard time envisioning a day when they may be absent, 
much as medieval patients would have been hard pressed to envi- 
sion a modern hospital or the vast improvements that have taken 
place in health care. The first author’s publication of Nanomedicine 
Vol. 1778 in 1999 and Vol. IIA’*’ in 2003 are the first steps in 
conveying to a broader technical audience the raw magnitude of 
the all-encompassing shift that is coming. No discussion of an 
individual improvement, or of some particular way to alleviate 
one particular unhealthful condition, can convey the scope of the 
medical revolution that is now appearing on the horizon. 
Book-length expositions are required to bring together in one place 
our best understanding of the many ways that nanomedicine will 
improve and expand our lives. 

The interested reader is also referred to other sources 
for discussions of the many applications of molecular nanotechnology. 
Those who argue that nanotechnology will bring only modest ben- 
efits fail to grasp the magnitude of the changes that are in store, in 
part because people often have a hard time envisioning the impact 
of a new technology. We most easily understand what we can see 
and touch and use directly in our lives. Theoretical extrapolations 
based on abstract analysis of well-understood physical law is be- 
yond most people, as witness the general rejection of rocket flight?”*! 
in the early 1900s — even though the basic principles of Newtonian 
mechanics were well established and the energy that could be de- 
rived from chemical rocket fuels was well known.>?8 


2887 ,2891,2910,3080 


6.3.6 Potential Design Errors Make the Analysis Inherently 
Worthless 


A sixth criticism is that an error in some part of a preliminary 
design could make the entire design unworkable, hence the effort is 
inherently worthless. Almost certainly, some aspect of any prelimi- 
nary theoretical design will eventually prove to be unworkable when 
the design is subjected to greater theoretical or experimental scru- 
tiny. Hence the argument is advanced that any attempt at a design 
is worthless, because one or more hidden flaws in the specific de- 
sign might make the entire enterprise infeasible. 

This argument ignores the fact that there are usually many pos- 
sible solutions to a given technical challenge, and more than one 
way to provide a needed capability. If one approach doesn’t work, 
then another means may be found. The initial design effort then 
will have been valuable, both because much of it was later found to 
be feasible and because the precise specification of subsystems al- 
lowed and encouraged closer examination of those subsystems, the 
discovery of the errors within, and the avoidance of that error by 
other means not originally contemplated. The design will also be 
useful if it helps to illuminate broad volumes of the design space in 
which diverse useful possibilities may reside, not all of which suffer 
from the same identified flaw. 

Drexler? offers an example of a proposed nanomechanical sys- 
tem that consists of five essential subsystems, each serving a par- 
ticular function, including: (1) a motor, (2) a power supply, (3) a 
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Table 6.2. Comparison of macroscale machinery and known nanoscale machinery found in biology (modified from Drexler'®’) 


Macroscale Machine Component Device Function 


Nanoscale Machine Component (in biology) 


Struts, beams, casings Transmit force, hold positions 


Cables Transmit tension 
Fasteners Connect parts 
Solenoids, actuators Move things 

Motors Turn shafts 

Drive shafts Transmit torque 
Bearings Support moving parts 
Containers Hold fluids 

Pumps Move fluids and ions 
Conveyor belts Move components 
Clamps Hold workpieces 
Tools Modify workpieces 


Construct devices 
Store/read mfg programs 


Production lines 
Numerical control systems 


vacuum pump, (4) a pressure sensor, and (5) a gas-tight wall. If we 
assume that for each subsystem there are 10 equally plausible engi- 
neering possibilities that are not mutually exclusive, and if each 
possibility has an independent 50% probability of working, then 
the probability that all ten options will fail, leaving no workable 
choice for a particular subsystem, is only (0.5)!° = 0.001, and so the 
probability that a successful combination of all essential subsystems 
exists is (1 — (0.5)!°)° = 0.995. Hence a near certainty may emerge 
from a combination of possibilities, each of which, individually, is 
as likely to fail as to succeed. 

This argument can be made even stronger when the design itself 
systematically adopts approaches that can be solved by any of a wide 
variety of approaches. Present assembler designs are based on the 
feasibility of subsystems, each of which can be implemented by a 
wide variety of different methods. For example, the use of posi- 
tional assembly requires only that some molecular-scale positional 
device be feasible — if the specific design proposed has some hid- 
den flaw, it can readily be replaced by some other design. As the 
reader can well imagine, there are a vast number of possible robotic 
arms, and a vast number of possible molecular positional devices. 
Only if all possible robotic arms proved infeasible would the sys- 
tem-level proposal fail from this cause. 

Similarly, there is a vast space of possible chemical reactions that 
could be used to build the system. While researchers to date have 
focused on specific reaction pathways (the better to analyze them in 
detail), there are many ways to synthesize stiff hydrocarbons and 
even more ways to synthesize alternative stiff materials which would 
be suitable for the manufacture of the mechanical design proposals 
described here and elsewhere. Failure of a specific reaction to work 
as expected would merely result in the adoption of an alternative 
synthetic pathway, and even if all methods of synthesizing stiff hy- 
drocarbons were eliminated (which seems a remarkably unlikely 
prospect, given the wide range of routes by which such structures 
can and have been synthesized) we would still have available the 
rest of the periodic table and the resulting combinatorial explosion 
of possible structures that it enables, from which to choose. 


6.3.7 Macroscale-Inspired Machinery Will Not Work 
at the Nanoscale 
A seventh criticism is that designs of molecular machine systems 
that resemble forms derived from macroscale machinery might not 
work,”?!° or will be outmoded by better designs in the future be- 
cause possibly new forms of machinery that might be better suited 
to the nanoscale have yet to be discovered or invented. There is an 


Microtubules, cellulose 

Collagen 

Integrins, connexins, etc. 

Conformation-changing proteins, actin/myosin 
Flagellar motor 

Bacterial flagellar rod 

Membrane-bound channel complexes in flagellar motor 
Vesicles, viral capsid 

Ion transporter pumps, membrane proteins 

Vesicular transport along microtubules, RNA moved by fixed ribosome (partial analog) 
Enzymatic binding sites 

Metallic complexes, functional groups, transfer RNA 
Enzyme systems, endoplasmic reticulum, ribosomes 
Genetic system in cells 


even more general objection that things are too wiggly, squishy, and 
sticky at the nanoscale for any machine-like paradigm to work, and 
that structures like gears, levers, motors and so on won't work at the 
nanoscale because “things are just so different at that scale.” Many 
of these objections are primarily intuitive and ignore the fact that 
nanoscale analogs of macroscale gears, motors, struts, and other 
mechanical components have all been observed in biology (Table 
6.2). Biology demonstrates that many machines, including girders, 
motors, bearings, ratchets, cables, and so forth are quite recogniz- 
able and do in fact work at the nanoscale. So why study diamondoid 
machines instead of biological machines (Section 4.4), when biol- 
ogy is already known to work? Diamondoid building materials have 
substantial and useful advantages over biological materials — par- 
ticularly physical strength, mechanical rigidity, reduced thermal vi- 
brations and friction, chemical inertness and durability, etc. — so 
these materials are worth studying for nanorobotics applications, 
and worth working towards. 

How can we have any confidence that macroscale-inspired 
rigid-material machine designs will work at the nanoscale? It is 
well-known that some macroscale motifs, ifimplemented in MEMS 
today, would work poorly if at all. One example is the sliding inter- 
face, as might be found in conventional macroscale bearings and 
pistons, which would become nonfunctional in a contemporary 
micron-scale MEMS device. One critic’? notes that nanodevices 
with such moving parts face the problem of friction and sticking — 
or “stiction” — because small devices have very large surface/vol- 
ume ratios. Hence, he concludes, there is no “reason to assume that 
nanomachines must resemble human-scale machines.” 

But designers of these nanomachines have made no such assump- 
tions. Rather, they have undertaken detailed mathematical*°83>° 
and computational studies*”®*???9 of de novo molecular machine 
components to help ascertain which designs might be expected to 
function as desired at the nanoscale. For example, recognition of 
the “stiction” issue dates back to at least 1959 when Feynman?!*? 
suggested running bearings dry. It was subsequently analyzed in 
greater detail in 1987 by Drexler,” who examined the symmetry 
considerations involved in making bearings that exhibit low static 
friction. The issue was again analyzed in Nanosystems,*° including 
the more general case of two surfaces sliding over each other. 
Merkle*°”? also considered specific examples of nanoscale bearings 
and concluded that properly-designed components having very low 
static friction should be feasible. Molecular dynamics simulations 
of atomically-specified nanoscale gear and pump designs by research 
groups at NASA?” and CalTech*”? show that these devices should 
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function well even when operated at speeds well in excess of design 
specifications. Experimental evidence that molecules can rotate freely 
in an appropriate environment is overwhelming. This evidence in- 
cludes, for instance, the work of Gimzewski>°** showing that the 
rotation of individual molecules on a surface can be stopped or 
started by changes in the local molecular environment, the work of 
Cumings and Zettl?’*? demonstrating near-frictionless sliding of 
nested carbon nanotubes, and the common observations that mol- 
ecules can rotate freely around a single bond and that even fairly 
large molecules often move freely on a surface. 

Note that bearings and sliding surfaces are often of very low 
quality when manufactured using existing lithographic methods, 
involving surfaces that are imperfectly characterized and are, at the 
molecular scale, very rough. Properly fabricated molecularly precise 
surfaces should be able to slide over each other with little friction or 
wear? for extended periods of time. While it is true that “we have 
a long path to travel before we can produce nanomechanical de- 
vices in quantity”,'? this is an assessment of the current primitive 
state of molecular systems engineering, not a description of a fun- 
damental barrier presented by physical laws. 

More generally, the claim that we should not explore molecular 
scale designs that happen to resemble macroscale designs is ill founded. 
One basic premise is that positional assembly at the molecular scale 
should greatly increase the range of molecular-sized structures that 
we can fabricate. Most existing molecular machines do not use posi- 
tional assembly (with the notable exception of the ribosome, which 
employs positional assembly in a rudimentary form; Section 4.2), 
and hence need not — and do not — deal with the issue of how to 
position molecular parts under programmatic control. 

If we wish to position molecular parts, then we must ask what a 
molecular-scale positional device should look like. Should it resemble 
a small STM that uses piezoelectric effects to move in X, Y and Z? 
The major drawback of this approach is that piezocrystals move 
only a small percentage of their total length. If we want a range of 
motion of 100 nm, and if the piezo changes length by 1% when 
voltage is applied, then our “molecular” positional device will be 
~10,000 nm or 10 microns in size. By contrast, a positional device 
that more closely resembles a macroscale robotic arm might be 200 
or 300 nm in size while providing the same range of motion. 

In other words, the same basic issues that drive the design of 
macroscale robotic arms are still present and have a major influence 
at the molecular scale. If we want a large range of motion in a com- 
pact space, then the human arm (which has a range of motion of 
about 1 meter, and is about 1 meter in length) is not a bad design 
approach. If we want programmable motion, then joints that can 
rotate, extend, and contract are very useful. Power subsystems that 
convert electrical or other forms of energy into rotary and linear 
motion continue to be useful, and for much the same reason. 

Positional assembly at the molecular scale is novel, so we should 
not expect that it will lead to “familiar” designs (that is, designs that 
resemble existing well-studied biological systems). Because many of 
the fundamental design goals and design constraints are similar to 
the goals and constraints seen in larger designs, we should not be 
too surprised to find that molecular-scale designs for positional de- 
vices often resemble their larger counterparts. 

The argument that molecular-scale designs that resemble 
macroscale designs are “naive” or “unworkable” also reflect a lack of 
familiarity with the fundamental objectives of positional assembly at 
the molecular scale. Today’s chemistry is based on self-assembly. There- 
fore it should not be too surprising that those who have spent their 
entire professional lives learning how to synthesize molecular struc- 
tures in the absence of positional assembly should find approaches 
based on positional assembly to seem unusual and unfamiliar. 
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6.3.8 The Design Is Too Obvious 

Finally, the complaint may be raised that the design is too simple 
or too “obvious.” While this may at first appear to be a purely aes- 
thetic objection, the complaint actually reveals a biologically-trained 
mindset that uncritically accepts the underlying assumption that 
any device capable of replication must be at least as complex as 
natural replicators (such as living cells) are imagined to be. While 
mammals are self-replicating and have a genomic complexity of sev- 
eral billion bits, this does not seem significantly more complicated 
than the most complex human engineering projects — for example, 
the 2003 release of Microsoft Windows has several tens of millions 
of lines of code or ~24 billion bits (Section 5.10). Of perhaps greater 
significance, the simplest biological self replicating systems are in 
fact much simpler. Mycoplasma genitalia, for instance, has a genomic 
complexity of only 1,160,148 bits (twice the number of base pairs 
in its DNA;'8°7 Table 5.1), so the assumption that biological sys- 
tems are necessarily complex is incorrect. 

Regarding “obviousness” in the legal/commercial context, 
Berube**”’ also notes that serious cooperative early work in 
nanoscience may be inhibited because of the current legal regime 
regarding intellectual property, which may be forcing innovators to 
resort to trade secrets (rather than public disclosure) as a way to 
protect their work and “delaying patenting to restrict access to the 
broad claims a basic patent engenders.” 


6.4 Specific Goals of a Focused Design Effort 

Given that a focused design effort for molecular assemblers would 
be deemed useful, what should such an effort aim to produce? We 
believe the results of such an effort ideally should aim to demon- 
strate feasibility of a specific molecular design: (1) by exemplifying 
programmable molecularly precise positional assembly and self-rep- 
lication in a molecular manufacturing system (Section 6.4.1); (2) 
by exemplifying a simple design (Section 6.4.2), a capable design 
(Section 6.4.3), and a benign design (Section 6.4.4); and (3) by 
embodying principles of good design (Section 6.4.5). We conclude 
with some recommendations for future work (Section 6.4.6). 


6.4.1 Show Feasibility of Molecular Assembler 
or Nanofactory 
The hallmarks of the molecular assembler are molecularly pre- 
cise positional assembly coupled with a capacity for massively par- 
allel or replicative manufacturing. 


1. Exemplify Programmable Molecular Positional Assembly. 
The first objective requires the designer to embody and illus- 
trate the principles of programmable molecularly precise posi- 
tional assembly in a specific physical design for a molecular as- 
sembler. Manufacturing involves assembling parts, and parts can 
either be self-assembled, positionally assembled, or assembled 
by some combination of these two basic approaches. That is, 
parts are assembled either by (1) allowing the parts to move at 
random until they “settle in” to the right position (self-assem- 
bly), or by (2) actively positioning the parts in the desired loca- 
tion and orientation (positional assembly). Combinations of 
these two approaches may also used, such as jiggling a pin until 
it slides into a hole. 


Self-assembly (e.g., Sections 4.1, 4.3, 4.4) is a well-known 
and extensively studied method of assembling molecular 
parts. 436-1440 Positional assembly of molecular parts (e.g., Sec- 
tions 4.2, 4.5-4.7, 4.9-4.17) is still a relatively new concept.?°8 
While it has been experimentally demonstrated3°843088 that 
molecules and molecular parts can be positioned and as- 
sembled using positional devices such as the SPM (Scanning 
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Probe Microscope), our ability to positionally assemble molecular 
parts is still in its infancy. Hence the first purpose of a new 
design would be to show the great potential of programmable 
positional assembly of molecular components. For example, our 
design (Section 4.11.3) employs two 7-degree-of-freedom posi- 
tional devices (Stewart platforms”°8?!5) which, under appro- 
priate programmatic control, could be used to fabricate the en- 
tire system. 


One consequence of this design objective is that close attention 
must be paid to the stiffness of the positional device and of 
other system components in the mechanical loop from the tool 
tip to the workpiece. At the molecular scale, positional uncer- 
tainty caused by thermal noise is a significant design con- 
straint.208.2324,2325 Tr is difficult to accurately assemble molecu- 
lar parts if positional uncertainty is too large, just as it is hard 
for someone with Parkinson's disease to repair a wristwatch. If 
positional accuracy is to be maintained, key system structures 
must be adequately stiff. 


2. Exemplify Self-Replication in a Molecular Manufacturing 
System. An equally important objective is to embody and illus- 
trate the principle of self-replication in a specific physical de- 
sign for a molecular assembler. More broadly, the design objec- 
tive is to demonstrate the feasibility of a self-replicating manu- 
facturing system. While the theoretical literature on self-repli- 
cating systems clearly reveals a wide range of non-biological 
designs, there is still a general perception that “replicating sys- 
tems” means “living systems.” This perception is grossly in er- 
ror and lies at the root of much current confusion and misun- 
derstanding about the long-term issues involved in the develop- 
ment and deployment of molecular assemblers. 


6.4.2 Exemplify a Simple Design 

Another important design objective is simplicity. The term “as- 
sembler” does not describe a specific design, but a large family of 
designs. Our objective would not be to describe the best, or the 
most efficient, or the most flexible, or the fastest possible design. 
Instead, our objective would be to describe a simple design that 
satisfies our basic goals of safety and efficacy, while illustrating the 
use of programmable positional control to achieve flexible manu- 
facturing capabilities and to achieve self-replication or massively par- 
allel operation. It is hoped that the design would serve, among other 
things, as a theoretical demonstration of concept — a demonstra- 
tion which must necessarily precede the experimental proof of con- 
cept in the laboratory. 


1. Offloading Complexity. Creating a simple design that is ca- 
pable of achieving the main objectives requires a general design 
philosophy which we call “offloading complexity.” In this de- 
sign philosophy (explicitly adopted here), whenever practicable, 
structures and functions required to be performed by the device 
are made as simple as possible by transferring as much as pos- 
sible of the structure or function to outside of the device,!28” or 
up to the macroscale.?°* In the Merkle-Freitas example (Section 
4.11.3), for instance, rather than using a more complex onboard 
computer with stored instructions or even a somewhat simpler 
signal demultiplexor to control the assembler, a far simpler di- 
rect-drive control chain is employed onboard the device and 
the train of control signals is provided sequentially from with- 
out. Rather than a more complex indigenous onboard power 
supply, power is supplied via a simple pressure-driven actuator 
and source power is generated and transmitted from the out- 
side; and so forth. 
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We seek to offload functional complexity so that the opera- 
tions required to be performed by the device and the analyses 
necessary to rigorously estimate and validate device perfor- 
mance can be made as simple as possible, thus maximizing the 
probability that the proposed device will work as claimed. We 
seek to offload structural complexity so that the device is as 
close as possible to current or foreseeable “manual” molecular 
construction capabilities, an important step toward address- 
ing the well-known “chicken-or-egg” problem. The principle 
of offloading complexity is somewhat analogous to the 
“end-to-end principle” in network design — the concept that 
intelligence should be placed at the edge of a network to keep 
the network itself simple, making the technological evolution 
of the network much more flexible by requiring only a mini- 
mum amount of coordination among network owners and 
users.3073 


. Restriction to Hydrocarbon Materials. An important design 


tradeoff results from the conflict between the desire for a manu- 
facturing system able to arrange atoms in most of the ways 
consistent with physical law, and the desire for onboard struc- 
tural and functional simplicity. A good compromise seems to 
be to restrict the system objectives to the synthesis of a diverse 
range of stiff hydrocarbons. A complete analysis of the reac- 
tions by which an assembler converts incoming raw materials 
into reactive tools used to synthesize molecular structures is 
greatly simplified if we restrict ourselves to the elements hy- 
drogen and carbon, and further restrict our attention to struc- 
tures that are relatively stiff (excluding, for example, floppy 
polymers). The stiff hydrocarbons include a wide enough class 
of materials to be a very attractive goal — diamond, graphite, 
and structurally related materials are found in this class. Es- 
sentially all mechanical structures can be made from stiff hy- 
drocarbons including struts, bearings, gears, levers, etc. This 
can be most readily seen by noting that the strength-to-weight 
ratio of diamond is over 50 times that of steel or aluminum 
alloys — a single part made of metal could be functionally 
replaced by a similarly shaped stiff hydrocarbon part. The re- 
sulting part would be lighter and stronger than the part it re- 
placed, improving overall performance. The class of stiff hy- 
drocarbons also includes molecular computers which, by 
today’s standards, would be extraordinarily powerful.?°° 


A more general assembler, able to manufacture structures which 
incorporate most of the elements of the periodic table, would 
be substantially more difficult to analyze. One approach to break- 
ing down the task of building a relatively large and complex 
structure would be to consider a series of small incremental 
changes to an exposed surface, the cumulative effect of which 
would be to manufacture the whole. This implies we must ana- 
lyze small changes to the exposed surface, presumably by con- 
sidering small clusters of atoms on that surface. A very minimal 
cluster might be a single atom and the atoms to which it is 
bonded. If one atom is bonded to (say) three neighbors, and all 
four atoms can be any one of about 100 possibilities, then this 
gives us 1004 or ~100,000,000 possible clusters. This analysis is 
crude and likely too small because (a) atoms are often bonded 
to more than three other atoms and (b) understanding an incre- 
mental change to a small cluster often requires examination of 
atoms farther away than one bond length. Despite its short- 
comings, this crude model tells us that we would need to ana- 
lyze many types of incremental surface modifications before we 
could reasonably hope to synthesize the full range of structures 
accessible using this approach. 
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By contrast, if our structures contain only hydrogen and carbon 
then the problems of design and analysis become much sim- 
pler. Hydrogen can only be bonded to one other atom which, if 
we exclude hydrogen gas, must be carbon. A carbon atom will 
usually be bonded to two, three, or four neighboring atoms, 
which can only be hydrogen or carbon. Our previous crude 
analysis would assign 24 or 16 possible local clusters for carbon. 
While this can be reduced by considering isomers, it must also 
be increased to consider interactions that extend beyond a single 
bond length, e.g., aromatic rings, conjugated systems and the 
like. In any event, the complexities of analyzing hydrocarbon 
structures with sufficient accuracy for the purposes discussed 
here is tractable with present capabilities. We can cut short the 
combinatorial explosion before it begins. 


While this rather drastic pruning makes the problems of de- 
signing and analyzing a hydrocarbon assembler more tractable, 
it does not directly address the feasibility of more general as- 
semblers. Smalley>4! in particular has argued that a “completely 
universal” assembler is impossible, though he has also admit- 
ted3°89 that “most interesting structures that are at least sub- 
stantial local minima on a potential energy surface can prob- 
ably be made one way or another.” Smalley argues that a small 
set of molecular tools will be unable to catalyze all the reactions 
needed to synthesize the remarkably wide range of structures that 
are possible. We agree with these assessments. Success may re- 
quire the use of a great many custom-made catalytic structures. 


Given the remarkable size of the combinatorial space of pos- 
sible molecular structures, it seems likely that at least some mem- 
bers of this space will resist direct synthesis by an assembler 
equipped with a relatively modest number of molecular tools. 
However, even if we assume that a substantial percentage of the 
space is inaccessible via this route (an assumption as yet lacking 
any clear support) the remaining “small” fraction would still 
include structures of enormous economic value. Even the abil- 
ity to manufacture only the highly restricted range of structures 
defined by the stiff hydrocarbons would usher in a revolution 
in manufacturing. 


Further research aimed at clarifying the range of structures ame- 
nable to synthesis by positionally controlled molecular tools is 
urgently needed. Ideally, this would include not only the pro- 
posal and analysis of particular sets of molecular tools and the 
range of structures they could reasonably make, but also pro- 
posals of structures which could not be synthesized by the use 
of positionally controlled molecular tools. One example of an 
“impossible” structure is a cubic meter of flawless diamond — 
before its manufacture could be finished, background radiation 
would have introduced flaws. Drexler (ref. 199, p. 246) argued 
that it should be possible to define a structure which would be 
stable if complete but unstable when almost complete, a sort of 
molecular stone arch.3°°° However, a specific, relatively small, 
stiff and stable structure that can reasonably be viewed as “im- 
possible” to synthesize using positionally controlled tools has 
not yet been proposed. While it seems likely that at least some 
such structures must exist, our understanding of this issue would 
be greatly improved by specific examples. 


. Design for Assembly. Because the unitary construction of inter- 


locked parts can be extremely difficult, it will likely be necessary 
to fabricate individual parts which must then be assembled into 
completed structures. For this reason, an important objective is 
alice : : : 
design for assembly” — the idea that among numerous available 
design alternatives for a given machine part, the one that is easiest 
to physically assemble with other parts into desired structures 


Kinematic Self-Replicating Machines 


should be preferred over other parts and parts combinations that 
may be more difficult to assemble. Design for manufacturing/ 
assembly (DFM/A)30?!-398 and computer-aided assembly plan- 
ning309.3100 are recognized specialties in conventional manufac- 
turing engineering, and these emerging disciplines will likely play 
an important future role in molecular manufacturing as well. 


. Design for Analysis and Validation. As a practical matter, the 
chosen design should be accessible to analysis by currently avail- 
able computational tools for molecular modeling and simula- 
tion. The design should be mechanically simple, thus readily 
permitting basic static, kinematic,3!0! and dynamic analyses. It 
should employ the minimum number of physical or chemical 
processes that have not yet been validated experimentally. In 
short, the best design proposal for a molecular assembler will be 
one that can be validated as correct — or likely to be correct — 
using our present-day analytical knowledge base. 


6.4.3 Exemplify a Capable Design 


For a proposed molecular assembler design to be acceptable, it 


must exhibit several elementary capabilities: 


1. Bootstrap-Capable System. It should be obvious that the sys- 


tem design will enable the manufacture of devices of similar or 
different architecture that can be scaled to larger sizes. Even if 
the original design describes only a very small device (e.g., with 
typical dimensions of ~100 nanometers), the manufacturing 
system, once built, should clearly be capable of “bootstrapping” 
larger and more complex devices, extending our capabilities 
beyond the submicron scale and beyond other architectural limi- 
tations of the initial system. 


. Ease of Reprogramming. Molecular assemblers should be able 
to readily change what they are manufacturing, thus exhibit- 
ing ease of reprogramming.” For a general manufacturing 
system, we should be able to redirect the manufacturing pro- 
cess quickly and rapidly in response to changing demand, once 
a sufficient factory mass or number of device generations has 
been replicated. Additionally, numerous software issues must 
be resolved, including methods of rigorously controlling and 
coordinating the activities of trillions of simultaneously oper- 
ating nanoscale manipulators for mechanosynthesis with high 
reliability and flexibility. 


. Maximum Geometric Accessibility to Products During Manu- 
facture. Positional manufacturing manipulators should have the 
greatest possible geometric access to the object being manufac- 
tured. Designs are favored which give greater access to the parts 
being manufactured, and which permit a wider range of tools 
and synthetic methods to be used. This objective is one that can 
be applied during the geometric design of the system, and which 
is largely independent of the specific mechanosynthetic reactions 
used to fabricate the product. Satisfaction of this objective also 
implies that the design can be adapted to other systems of greater 
complexity (regardless of size). 


. Maximum Reliability During Operation. Within the con- 
straints of the limited technologies employed in early designs, 
the molecular assembler should operate as reliably as possible. 
The required reliability of subsystems depends on the overall 
reliability requirements of the entire system, and on the num- 
ber of subsystems. Even the earliest systems should have a prob- 
ability of successful replication of at least 99% per replication 
cycle. Furthermore, the system architecture should be chosen 
such that the failure of daughter units has minimal impact on 
the operation of the remaining units that continue to function 
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without error. In this regard, a unit replicator motif is more 
clearly failure tolerant than a factory replicator motif. The isola- 
tion ofa failure to a single unit replicator is more clearly feasible 
than the isolation of a failure in a factory. Continued satisfac- 
tory functioning of a factory in the face of a failure would re- 
quire a more sophisticated failure isolation strategy and would 
benefit greatly from a method for switching out or circumvent- 
ing the failed module.*334 


6.4.4 Exemplify a Benign Design 


An acceptable molecular assembler or nanofactory design should 


be safe, incapable of “natural evolution,” and pollution-free. 


1. Demonstrate the Design is Safe. The system design should be 
inherently safe (Section 5.11), in the sense that it should not 
pose the kinds of extraordinary dangers that some have imag- 
ined are inevitable for replicating systems.” One primary route 
for insuring this is to employ the broadcast architecture for con- 
trol.29? As discussed in Section 4.11.3.3, the broadcast architec- 
ture virtually eliminates the likelihood that the system can rep- 
licate outside of a very controlled and highly artificial setting. 
The design should not describe a replicator that will directly 
compete with humans, or other biological entities, for the re- 
sources necessary for production or self-replication. Note that 
while a diamondoid molecular assembler would primarily em- 
ploy carbon atoms in its construction, and carbon is also the 
principal atom used in biology, the carbon source for assem- 
blers is not complex organic molecules and structures but rather 
the simplest hydrocarbons such as acetylene or butane, hence 
such assemblers will not be competing with biology for carbon 
resources. 


. Design for Nonevolvability. The system design should not 
permit any capacity for endogenous evolution of new struc- 
tures or new capabilities, as discussed in Sections 2.1.5, 5.1.9 
(L), and 5.11. 


. Clean Manufacturing and Pollution-Free Operation. Another 
important design objective is to minimize or eliminate all mate- 
rial waste products generated by replicative or productive ac- 
tivities. Components, subsystems and systems should not be 
needlessly thrown away during the replication or manufactur- 
ing cycle. The source of this objective is not mere environmen- 
talist sentiment and aesthetics, but rather a strong practical de- 
sire for manufacturing efficiency. The greater the amount of 
waste that is produced, the more machine operations (both 
onboard and offboard) must be devoted to handling and dis- 
posing of this waste, which increases manufacturing time per 
unit mass of product, imposes greater burdens on materials 
import and export subsystems, produces more waste heat, and 
modestly increases the possibility of device failure because of the 
extra processing and transport steps that must be successfully per- 
formed. A manufacturing system which produces zero pollution, 
as exemplified by the Merkle-Freitas Hydrocarbon Molecular 
Assembler (Section 4.11.3), would be extremely desirable. 
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the technological possibilities, illuminates areas most needing 
further research, and helps others who may wish to adopt dif- 
ferent sets of tradeoffs in hopes of exploring other equally prom- 
ising volumes of the molecular assembler design space. 


. Seek Broad “Attractors” in the Design Space. Wherever pos- 


sible, design solutions should be chosen from sets of possible 
design choices which occupy the broadest possible volume of 
design space. Such solutions therefore coexist with many closely 
related viable design alternatives, allowing both flexibility and 
robustness in the final design. The demonstrated existence of 
adequate “design space” (Section 5.1.9) is the single most im- 
portant reason for believing that feasible designs for molecular 
assemblers exist. Also important is the concept of modular de- 
sign and the feasibility of multiple alternative implementations 
of a given module, with the avoidance of overly “clever” designs 
that try to solve too many problems at once. 


. Exemplify Backward Chaining in Design. Many existing de- 


signs for molecular assemblers are more complex and appear 
more difficult to manufacture than the Merkle-Freitas design 
(Section 4.11.3) — a design which is simpler while still exem- 
plifying the principle of backward chaining (Section 6.2.1) in 
design. A simple design such as this should help pave the way 
toward future designs which will be simpler still, and even more 
amenable to manufacture, once further efforts at additional back- 
ward chaining have been made. 


For example, the Merkle-Freitas design was chosen for its likely 
intermediate position in the design and development timeline 
for molecular assemblers. It appears to be one of the least compli- 
cated assemblers that could conveniently be specified to molecu- 
lar detail and yet possesses sufficient capability to allow for the 
design and manufacture of progressively more complex and ca- 
pable assembler systems, leading eventually to a molecular manu- 
facturing system of very generalized capability. On the other hand, 
the same system could be sufficiently precisely specified that it 
would also permit convenient backward chaining to simpler 
pre-assembler system designs, a process that is hoped would even- 
tually merge with our ever-expanding contemporary nanoscale 
technology base, finally providing a clear and complete pathway 
for the development for molecular manufacturing systems. 


. Buildability of the Design. Buildability is an explicit design 


objective. In the broadest sense, a design may be said to be build- 
able if, given the proper manufacturing tools and techniques, it 
could be expressed in hardware. A design which is buildable in 
this broadest sense must violate no known laws of physics or 
chemistry and should reflect customary principles of sound en- 
gineering design. In a more restrictive sense, a design might also 
be considered feasible to build if, given certain foreseeable ex- 
tensions of current technology in directions that can readily be 
envisioned today, it could be expressed in hardware using those 
foreseeable technological extensions. In the narrowest sense, a 
design might be considered buildable only if it can be built in 
the laboratory or factory today, using nothing but currently avail- 
able techniques and existing technology and equipment with 
no further improvements. Buildability in this most narrow sense 


6.4.5 Embody Principles of Good Design 

Any proposed design should embody the many principles of good 
engineering design, of which there is space here to briefly mention 
only a few: 


should not be an objective of a focused design effort intended 
to demonstrate feasibility of a molecular assembler. Rather, the 
principal objective should be to create a design that is buildable 
in the more restrictive sense. This design can then be used, first, 


1. Assumptions and Design Tradeoffs Explicitly Stated. An to guide the development of successor designs which more closely 


important principle of good design is to make all assump- 
tions and design tradeoffs explicit. This helps readers cali- 
brate the proposed design against their own understanding of 


approach today’s building techniques, and second, to simulta- 
neously guide the development of new building techniques that 
can more closely approach the designs that we believe would be 
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useful to build, until a sufficient overlap arises between these 
two sets that it becomes possible to build, as physical hardware, 
the first working molecular assembler. 


5. Specificity of the Design. A good system design should de- 
scribe all important components, systems, and operations with 
enough specificity to permit rigorous analysis and evaluation 
by competent engineers. For example, Merkle?!! has described 
the wide range of details which should be present in any serious 
molecular assembler design proposal. These details include: (1) 
the type and construction of the computer, (2) the type and 
construction of the positional device, (3) the set of chemical 
reactions that take place at the tip, (4) how compounds are trans- 
ported to and from the tip, (5) how the compounds are modi- 
fied (if at all) before reaching the tip, (6) the class of structures 
that can be built, (7) the environment in which the device may 
operate, (8) the method of providing power, (9) the require- 
ment (or not) for a barrier that partitions internal and external 
environments, (10) the type of barrier that can prevent unwanted 
changes in the internal environment in the face of changes in 
the external environment, (11) the nature of the external and 
internal environments, (12) the transport mechanisms that move 
material across the barrier, (13) the transport mechanism used 
in the external environment, and (14) a mechanism that allows 
the assembler to receive broadcast instructions. (Notes Merkle:?!! 
“The presence of a receiver is not mandatory for the manufac- 
ture of interesting structures (as demonstrated by a fertilized 
egg), but it is extremely useful if we are considering a general 
purpose device able to make a wide variety of different prod- 
ucts. Not only does a receiver allow us to re-program the assem- 
bler for specific tasks, it also allows us to significantly simplify 
the computational element.”) 


6.4.6 Systems and Proposals for Future Research 

Molecular manufacturing is a field of engineering, and the de- 
sign of molecular assemblers and nanofactories will require exper- 
tise in molecular systems engineering. According to a concise defi- 
nition?! offered by the University College London Centre for Sys- 
tems Engineering: 

Systems engineering is the branch of engineering concerned with the 

development of large and complex systems, where a system is understood 


to be an assembly or combination of interrelated elements or parts work- 
ing together toward a common objective. 


Systems engineering focuses on: the real-world goals for, services pro- 
vided by, and constraints on such systems; the precise specification of 
system structure and behavior, and the implementation of these specifi- 
cations; the activities required in order to develop an assurance that the 
specifications and real-world goals have been met; [and] the evolution 
of such systems over time and across system families. It is also concerned 
with the processes, methods and tools for the development of systems in 
an economic and timely manner. 


Economically viable molecular manufacturing systems based on 
molecularly precise massively parallel assembly are likely to take longer 
to develop than the usual three to five year time horizon of the private 
sector.’!°* The private venture capital sector has shown considerable 
enthusiasm for funding nanoscale science and engineering projects 
that focus on novel electrical or physical properties of nanoscale mate- 
rials. But they are not focusing on the high-risk, high-payoff opportu- 
nity of developing molecular manufacturing machine components and 
systems with complex kinematic nanomachinery. There are some Eu- 
ropean and Japanese initiatives to develop molecular manufacturing 
components and systems. The key rationale for U.S. government fund- 
ing is that molecular manufacturing might not happen first in the 
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USS., or will happen much more slowly in the U.S., if we rely on the 
private sector for initial R&D stage funding. The question of who 
develops this technology first has profound economic, security, mili- 
tary, and environmental significance. 

A successful, field-proven, molecular manufacturing system that 
might be deployed in the mid to longer time frame could be de- 
scribed and analyzed today. Such a system would almost certainly 
be composed mostly of systems and subsystems that are not experi- 
mentally accessible at present, for the simple reason that we cannot 
yet build the relevant components. But if we are to think about and 
analyze systems that we cannot build today, and if we are to do so 
with any certitude, then we must initiate a carefully conceived theo- 
retical and computational R&D program expressly for this purpose. 
Existing tools in computational chemistry can be harnessed to ana- 
lyze molecular structures, regardless of whether or not those struc- 
tures are immediately buildable. Computational modeling of known 
experimentally accessible structures gives us confidence about the 
capabilities (and limitations) of the modeling software, and permits 
us to evaluate structures that have not yet been made — and per- 
haps cannot directly be made — using our current early 21st cen- 
tury technology base. 

The value of such theoretical and computational work, particu- 
larly when used to assess systems that exceed our immediate experi- 
mental capabilities, is sometimes debated. But the alternative is to 
abandon active investigation of systems and structures that cannot 
be built today. Inability to think systematically about what cannot 
yet be built is very likely to delay our ability to build it. If we are to 
build machine-phase molecular manufacturing systems in the next 
two decades — systems that are experimentally inaccessible today 
— then methodical design work on such systems is both necessary 
and urgent.?!°% 

It is important to reiterate the need to develop and analyze sys- 
tems. The existing evaluation of scientific research is effective in con- 
sidering specific issues, but is much less effective in generating (pos- 
sibly complex) systems proposals for engineering assessment and 
analysis. The story of the scientist who discovers some new and use- 
ful property of matter after accidentally leaving the Bunsen burner 
turned on while away at lunch is well known. But the story of the 
engineer who accidentally develops a computer or Saturn V booster 
is not only unknown, but seems remarkably unlikely. 

If — as we believe — the successful development of machine- 
phase molecular manufacturing systems requires the design of mas- 
sively parallel systems (with some proposals calling for the design of 
self-replicating systems) then we need to explicitly create programs 
that solicit systems proposals — proposals that can reasonably be 
expected to fulfill the goals of molecular manufacturing as outlined 
above. Systems proposals can be analyzed by theoretical and com- 
putational tools that examine the systems as a whole, together with 
the subsystems and components from which they might be com- 
posed. 


6.5 Focusing on Molecular Assemblers 

According to Merkle,?! the broad goals of nanotechnology — 
the ability to inexpensively arrange atoms in most of the ways per- 
mitted by physical law — are now widely accepted. But it is not 
enough to agree that heavier than air flight is possible, nor is it 
sufficient to believe that some as-yet unspecified design based on 
rockets can reach the moon, nor does the abstract realization that 
mass can be converted to energy change the course of history. We 
need to move to the next step: the Wright brothers, the Apollo Pro- 
gram, the Manhattan Project. We need to translate abstract agree- 
ment into a focused and well-funded project. 


Motivations for Molecular-Scale Machine Replicator Design 


Nanosystems**® gave us a persuasive feasibility argument for as- 
semblers, but provided no design for a specific assembler. For every 
fundamental design problem, Nanosystems”® gave us several fea- 
sible solutions — but never picked one specific solution. Indeed, 
one of the main conclusions of this work was that we could have 
confidence that assemblers were feasible precisely because there were 
many solutions to every problem. While it is difficult to be abso- 
lutely certain that a specific solution will work, when there are many 
possible solutions available it’s almost certain that at least one of 
them will work. 

We've seen continued work on specific aspects of assembler de- 
sign but we haven't seen a complete design. Such a design (and ac- 
companying analysis) is feasible today, but a complete design will 
require the work of a coordinated team of people for some years. 
We need to explore the space of possible designs, analyze at least 
some designs in full detail, and then use those designs as a focal 
point for further development. We could start today, but as yet, we 
have not. 

The major consequence of this failure is continuing delay, much 
of which will be caused by a persistent confusion about “what is an 
assembler.” While we are encouraged that all the fundamental prob- 
lems can be solved, we don’t yet have a single design or preferred 
embodiment that selects a specific solution for each problem and 
integrates those specific solutions into a single unified system for 
more rigorous analytical testing. Perhaps more seriously, there is the 
fog and uncertainty created by mental confusion and misunder- 
standing. People have a hard time grasping complex arguments and 
abstract conclusions, and when we are hearing new ideas for the 
first time it’s very easy to get confused. For instance, flight to the 
moon was once thought to be impossible because “there is no air to 
push against” in the vacuum of space. The reasoning: Airplane wings 
push against air, propellers push against air, helicopter blades push 
against air — so surely the proposed space rockets were meant to 
push against air? But there is no air in space! Thus can our experi- 
ence with familiar things mislead us when we consider fundamen- 
tally new ideas. 

A project with many people must have a clear, detailed, and com- 
prehensive description of both the goal and how to achieve it. We 
need at least one design for an assembler with all the kinks worked 
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out, all the irritating little design issues settled, all the potential 
sticking points resolved. Without this, any effort to build an assem- 
bler will deteriorate into chaos and confusion as the people involved 
find themselves working at cross purposes — possibly without even 
realizing it. For example, if we started out to build a heavier-than-air 
flying machine lacking a complete plan, and one person designs the 
blades for a helicopter while another works out the wings of an 
airplane and a third person analyzes propelling the device by throw- 
ing sticks of dynamite out the rear and exploding them, the result 
will be chaos. 

Right now, the detail that we can achieve in a system design is 
limited by the fact that serious analytical efforts have so far been 
restricted to small teams of one or a few people. We could signifi- 
cantly increase the detail of the design by increasing the number of 
people working on it, provided they are the right people. A dozen 
people, properly coordinated, could start to provide us with coher- 
ent system designs having a level of detail that would give us greater 
collective clarity in understanding the goal and a greater ability to 
determine the developmental pathways for reaching it. 

Besides pursuing designs in more depth and detail, we should 
also examine systems that differ radically in their approach and as- 
sumptions. We can explore the design space (Section 5.1.9) seeking 
designs that are, for example, easier to build. Consider again the 
case of the Analytical Engine, designed by Babbage in the 1830s 
(Section 6.3.4). Although it was the conceptual foundation for the 
single most important technological development of the 20th cen- 
tury (programmable digital computers), Babbage’s design was never 
built nor was there any systematic exploration of possible alterna- 
tives. Looking back with the advantage of perfect hindsight, we can 
clearly see what Babbage and the rest of the world missed: electro- 
mechanical relays. Relays were known in the 1830s and were widely 
employed during the 1840s in telegraphy. Had Babbage and others 
systematically surveyed the complete design space for “Analytical 
Engines,” they might have realized that a relay-based computer would 
be relatively easy to build and quite practical. But they didn’t, and 
so they missed an opportunity of historic magnitude — as did the 
rest of humanity, who lost the benefits of an earlier implementation 
of digital computers. 

Let’s not miss another opportunity. 


APPENDIX A 


Data for Replication Time and Replicator Mass 


ata for replication time (Tt) as a function of replicator mass 

(M) for 126 biological species,”°° 1 chemical species, 972 

and 9 actual or proposed artificial kinematic replicating 

systems across a size range spanning nearly 20 orders of magnitude, 

drawn from numerous sources (most appreciatively the major con- 

tribution by Allison and Cicchetti),”°”° appears in chart form in 
Figure 5.6 and in tabular form below. 

Data for tree mass are based on tabulated data for mature trunk 

diameter Dyrunk and mature tree height Hyree. Tree trunk is taken as a 

uniform cylinder with diameter and length of dimensions Drunk and 


Hyrees with overall tree density Pree ~700 kg/ m?, and the total mass M 
of the tree is taken as twice the mass of the trunk. Data for tree repli- 
cation time are the time to first flowering. Data for mammals and 
birds are gestation time, not time to first reproduction. Data for pro- 
tozoa and bacteria are inverse cell division frequency. Data for viruses 
are time to completion of first replica following infection. Bacterial 
ribosome replication time estimated by assuming ribosomal nucle- 
otides have an approximately similar assembly rate (- 15-40 residues/ 
sec) as ribosome-assembled ribosomal peptides. Some data represent 
an average or typical value within a range (that is not shown). 


Name or Type of Replicator Classification Replicator Mass, kg (M) Replication Time, sec (t) 
Giant sequoia Tree 1,289,225 1.88 x 10? 
Freitas self-replicating interstellar probe Manmade Machine 443,000 1.69 x 10° 
Blue whale Mammal 108,000 2.76 x 10’ 
NASA self-replicating Lunar factory Manmade Machine 100,000 3.14 x 107 
Western larch Tree 46,206 9.42 x 108 
White fir Tree 44,135 1.10 x 10? 
White oak Tree 31,713 6.28 x 108 
Humpback whale Mammal 30,000 2.96 x 10’ 
Pecan Tree 23,118 3.14 x 108 
American elm Tree 20,536 4.71 x 108 
Eastern white pine Tree 17,014 3.14 x 108 
White ash Tree 14,595 6.28 x 10° 
Black walnut Tree 13,038 3.77 x 108 
American beech Tree 12,099 1.26 x 10? 
Eastern hemlock Tree 11,676 9.42 x 108 
Black cherry Tree 9908 3.93 x 108 
Red alder Tree 8807 3.14 x 108 
African elephant Mammal 6654 5.57 x 10’ 
Northern white cedar Tree 5894 9.42 x 108 
White spruce Tree 5224 3.93 x 108 
Northern catalpa Tree 4804 3.14 x 108 
Sweet birch Tree 3523 1.26 x 10° 
American holly Tree 3423 1.57 x 108 
Quaking aspen Tree 3002 1.57 x 108 
Asian elephant Mammal 2547 5.39 x 10’ 
Eastern red cedar Tree 2387 3.93 x 108 
Black willow Tree 1751 3.14 x 108 
Wild water buffalo Mammal 1000 2.76 x 10’ 
Flowering dogwood Tree 570 1.57 x 108 
Giraffe Mammal 529 3.46 x 10’ 
Horse Mammal 521 2.90 x 10’ 
Cow Mammal 465 2.43 x 10’ 
Okapi Mammal 250 3.80 x 107 
Gorilla Mammal 207 2.18 x 10’ 
Pig Mammal 192 9.94 x 108 
Donkey Mammal 187 3.15 x 107 
Brazilian tapir Mammal 160 3.39 x 10’ 
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Name or Type of Replicator Classification Replicator Mass, kg (M) Replication Time, sec (t) 
Boto river dolphin Mammal 100 2.89 x 10’ 
Jaguar Mammal 100 8.64 x 10° 
Gray seal Mammal 85.00 2.68 x 10’ 
HUMAN (female) Mammal 62.00 2.31 x 10’ 
Sheep Mammal 55.00 1.30 x 10’ 
Chimpanzee Mammal 52.16 1.99 x 10’ 
Orangutan Mammal 40.00 2.15 x 10’ 
Gray wolf Mammal 36.33 5.44 x 10° 
Kangaroo Mammal 35.00 2.85 x 10° 
Goat Mammal 27.66 1.28 x 10’ 
African wild dog Mammal 25.00 6.05 x 10° 
Lackner-Wendt auxons Manmade Machine 20.00 1.20 x 10’ 
Roe deer Mammal 14.83 1.30 x 10’ 
Baboon Mammal 10.55 1.56 x 10’ 
Patas monkey Mammal 10.00 1.47 x 10’ 
Rhesus monkey Mammal 6.800 1.42 x 10’ 
Raccoon Mammal 4.288 5.44 x 10° 
Red fox Mammal 4.235 4.49 x 10° 
Vervet Mammal 4.190 1.81 x 10’ 
Yellow-bellied marmot Mammal 4.050 3.28 x 10° 
Rock hyrax (Procavia hab) Mammal 3.600 1.94 x 10’ 
Nine-banded armadillo Mammal 3.500 1.21 x 10° 
Water opossum Mammal 3.500 1.04 x 10’ 
Arctic fox Mammal 3.385 5.18 x 10° 
Cat Mammal 3.300 5.44 x 10° 
Echidna Mammal 3.000 2.42 x 10° 
Rabbit Mammal 2.500 2.68 x 10° 
Tree hyrax Mammal 2.000 1.73 x 10’ 
North American opossum Mammal 1.700 1.04 x 10° 
Phanlanger Mammal 1.620 1.47 x 10° 
Slow loris Mammal 1.400 7.78 x 10° 
Mountain beaver Mammal 1.350 3.89 x 10° 
Chicken Bird 1.133 1.90 x 10° 
Guinea pig Mammal 1.040 5.88 x 10° 
African giant pouched rat Mammal 1.000 3.63 x 10° 
Drexler desktop factory Manmade Machine 1.000 3.60 x 10° 
Jacobson train replicator Manmade Machine 1.000 1.00 x 10? 
Arctic ground squirrel Mammal 9.20 x 107 2.16 x 10° 
Tenrec Mammal 9.00 x 107 5.18 x 10° 
European hedgehog Mammal 7.85 x 107 3.63 x 10° 
Rock hyrax (Hetero. 5) Mammal 7.50 x 107 1.94 x 10’ 
Suthakorn LEGO” replicator Manmade Machine 5.00 x 107 1.35 x 10° 
Owl monkey Mammal 4.80 x 107 1.21 x 10’ 
Chinchilla Mammal 4.25 x 107 9.68 x 10° 
Penrose blocks replicator Manmade Machine 3.00 x 107 2.00 x 10! 
Rat Mammal 2.80 x 107 1.81 x 10° 
Galago Mammal 2.00 x 107 1.04 x 10’ 
Hawk Bird 2.00 x 107 3.11 x 10° 
Mole rat Mammal 1.22 x 107 2.59 x 10° 
Golden hamster Mammal 1.20 x 107 1.38 x 10° 
Tree shrew Mammal 1.04 x 107 3.97 x 10° 
Ground squirrel Mammal 1.01 x 107 2.42 x 10° 
Hamster Mammal 9.60 x 107 1.38 x 10° 
Eastern American mole Mammal 7.50 x 10 3.63 x 10° 
Musk shrew Mammal 4.80 x 107 2.59 x 10° 
Sparrow Bird 2.80 x 10 1.21 x 10° 
Big brown bat Mammal 2.30 x 10 3.02 x 108 
Mouse Mammal 2.30 x 107 1.64 x 10° 
Gecko Reptile 1.00 x 107 8.21 x 10° 
Little brown bat Mammal 1.00 x 107 4.32 x 108 
Lesser short-tailed shrew Mammal 5.00 x 10% 1.86 x 10° 
Hummingbird Bird 3.15 x 107 1.30 x 10° 
Honeybee (Apoidea apis) Insect 1.00 x 10% 2.07 x 10° 
Spiders Insect 1.00 x 10% 9.07 x 10° 
Ladybug Insect 5.00 x 10° 2.59 x 10° 
Fruit fly (Drosophila) Insect 1.05 x 10° 1.04 x 10° 
Stentor coeruleus (Ciliata) Protozoan 4.00 x 10° 7.78 x 10* 
Chalcid wasp (Encarsia formosa) Insect 2.50 x 10° 7.78 x 10° 
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Name or Type of Replicator Classification Replicator Mass, kg (M) Replication Time, sec (t) 
Paramecium aurelia (Ciliata) Protozoan 2.00 x 10°? 1.20 x 10° 
Paramecium aurelia (Ciliata) Protozoan 2.00 x 107 4.28 x 104 
Didinium nasutum (Ciliata) Protozoan 1.00 x 107° 2.40 x 10° 
Euglena gracilis (Mastigophora) Protozoan 1.10 x 107? 2.47 x 10* 
Chilomonas paramecium (Mastigophora) Protozoan 6.00 x 10°” 2.47 x 10° 
Azobacter chroococcum Bacterium 4.00 x 10° 1.98 x 10? 
Lactobacillus acidophilus Bacterium 2.30 x 10° 4.59 x 10? 
Clostridium botulinum Bacterium 2.30 x 10° 2.10 x 10? 
Shigella dysenteriae Bacterium 2.00 x 10° 1.80 x 10? 
Mycobacterium tuberculosis Bacterium 1.80 x 10° 5.17 x 10* 
Bacillus subtilis Bacterium 1.40 x 10°? 1.74 x 10° 
Mitochondrion Cell Organelle 1.19 x 107° 7.20 x 10° 
Salmonella typhosa Bacterium 1.10 x 10°! 1.70 x 107 
Corynebacterium diphtheriae Bacterium 1.00 x 10°? 2.04 x 10° 
Staphylococcus aureus Bacterium 7.30 x 107° 1.77 x 10° 
Erwinia carotovora Bacterium 6.00 x 10° 2.97 x 10° 
Escherichia coli Bacterium 5.00 x 10°* 8.88 x 10° 
Streptococcus lactis Bacterium 4.20 x 10°76 2.22 x 10° 
Diplococcus pneumoniae II Bacterium 3.00 x 10° 1.68 x 10° 
Diplococcus pneumoniae I Bacterium 3.00 x 107° 1.49 x 10? 
Aerobacter aerogenes Bacterium 2.00 x 10° 1.84 x 10° 
Pseudomonas pyocyanea Bacterium 1.30 x 10° 1.95 x 10? 
Vibrio comma Bacterium 1.00 x 10° 1.78 x 10? 
Merkle-Freitas HC Molecular Assembler Manmade Machine 3.91 x 10°78 1.00 x 10° 
Influenza B Virus 5.00 x 10° 3.24 x 10* 
Influenza A Virus 5.00 x 10°? 2.43 x 10* 
Swine influenza Virus 5.00 x 107” 2.16 x 10° 
T4 bacteriophage Virus 3.00 x 107° 7.70 x 10? 
Drexler manipulator arm Manmade Machine 1.00 x 10°? 5.00 x 10° 
Bacterial ribosome 70S Cell Organelle 4.00 x 107? 4.30 x 10? 
Plant viroid Macromolecule 2.00 x 10°? 8.50 x 10? 


R3C ligase ribozyme Chemical Replicator 1.15 x 10 5.46 x 10° 


APPENDIX B 


Design Notes on Some Aspects 
of the Merkle-Freitas Molecular Assembler 


Self-replicating, mechanical nanobots are simply not possible in our world. 


— Richard E. Smalley, September 20014 


When a scientist says something is possible, they're probably underestimating how long it will take. But if they say it’s impos- 


sible, they're probably wrong. 
— Richard E. Smalley, October 20003115 


B.1 Geometrical Derivation of Assembler Dimensions 

A preliminary design iteration revealed that the physical dimen- 
sions of the proposed molecular assembler are constrained by the 
choice of 4 box-specific geometrical parameters and 7 additional 
geometrical parameters related to the operation of the interior 
Stewart platform manipulators, the X-axis elevator upon which the 
manipulators ride, and the piston. Choosing a priori values for these 
11 parameters establishes all remaining major physical dimensions 
of the system. In the following scaling analysis, the exterior physical 
dimensions of the proposed molecular assembler hull are (Xext, Yexts 
Zext) with enclosed exterior volume Vext = Xext Yext Zext and external 
surface area Sext = 2 (Xext Yexe + Xext Zext + Yext Zext), and the internal 
physical dimensions of the assembler hull are (Xin Yints Zine) with 
enclosed interior volume Vint = Xint Yint Zint and internal surface 
area Sint = 2 (Xint Yine + Xint Zine + Yine Zint)s using the coordinate 
system as defined by Figure B.1. 

From simple geometry, Yext = Yint + 2Wehick aNd Zest = Zint + 
2Wrehicks Where Wrhick is the external wall thickness; however, Xext = 
Xint + Wehick because the fully extended piston replaces one wall. 
The minimum internal floor-to-ceiling clearance Z¢lear is limited by 
the underhang (Whang) of the extrusion springs and the daughter 
device which is under construction, such that Zlear = Zint - Whang: 
The desire to maintain adequate Y-axis clearance (Wdear on either 
side of daughter walls) between the extruding daughter device and 
the parental XZ walls requires that Yint = Zext + 2Welear- LO ensure 
that the base of each Stewart platform manipulator is square with 
equal Y and Z dimensions, we require that Zine = (1/2) Yine- 

The derivation of X;,; is driven by the interplay of three design 
choices involving the piston, the elevator, and the Stewart platform 
manipulators. 

First, for the fully retracted Stewart platform manipulator to 
allow adequate clearance, we require that: Xint = Xpiston + Xpistonrod 
+ Xthrow + Xelevator + Xstrutseg + Xchuck + Xback + 2Wextrusion + Yext + Welears 
where Xpiston is the piston plate thickness, Xpistonrod is the mini- 
mum extension of the piston rod between the piston and elevator, 
(Xpistonrod + Xthrow) is the maximum extension of the piston rod 
between the piston and elevator, X{hrow is the maximum possible 
piston throw during acoustic cycling between 1-4 atm driving pres- 
SUFE, Xelevator 18 the elevator plate thickness, Xstrutseg is the length of 


each of the two (nested) strut segments comprising each strut of 
the Stewart platform manipulator, xchuck is the height of the ma- 
nipulator tool-holding chuck (excluding the length of various tool 
tips that might be grasped), Xpack is the distance between the ex- 
trusion springs and the most retracted possible position of the 
end of the tool chuck (allowing adequate clearance for a grasped 
tool tip), and Wextrusion is the width of the extrusion springs. 

Second, for the fully extended Stewart platform manipulator to 
reach the materials transport wall with the end of the tool chuck, 
we require that: Xstrutseg + Oext Xscrutseg + Xchuck = Xscrew + 2Wextrusion + 
Yext + Welears Where Ole, is the maximum fractional extension of the 
second strut segment that extrudes from (and is the same length as) 
the first strut segment, and X<crew is the length of each of the four 
elevator drive screws. 

Third, to prevent solvent entry into the assembler interior, the 
piston must completely cover all four lines of elevator drive screw 
holes in the inside hull wall face. This requires that: Xstrutseg + Xchuck 
+ Xback = Xpiston + Xpistonrod + Xelevator + Xscrew- 

Combining these three design constraints on Xjp,, then solving 
for Xint, yields the following relation: Xint = (Qgcale + (3 + Qlext) Yext) 
/ (1 + Qlexe)s where Qscale = (1 + Qext) Xthrow + (1 a exe) Xscrew + (2 + 
2 ext) Xback + (2 ext) Xchuck + (6 +2 ext) Wextrusion + (3 + Orext) Welear+ 
Taking Wthick = Whang = Wclear = Wextrusion = Xpiston = Xelevator = Xchuck = 
Xback = Xscrew = 10 nm, Xhrow = 15 nm (Section B.4.2), and ext = 
0.75, then Xpistonrod = 64.286 nm, Xscrutseg = 74-286 nm for the first 
strut segment alone (e.g., a fully contracted strut), (1 + Olexe) Xstrutseg 
= 130.000 nm for the fully extended Stewart platform two-segment 
strut, Zclear = 30 nm minimum floor-to-ceiling clearance, and so: 


Zint = 40 nm 

Yint = 80 nm 

Xint = 323.572 nm 
Vine a 1,035,430.4 nm? 
Sint = 84,057.28 nm? 


Zext = 60 nm 

Your = 100 nm 

Xext = 333.572 nm 
Vext = 2,001,432.0 nm? 
Sext = 118,743.04 nm? 


The density of the assembler is approximately Passembler = Massembler / 
Vext = 1895.9 kg/m?, taking massembler = 3.90826 x 10°'8 kg (Figure 
4,42) and Veg = 2,061,432.0 nm? (Table 4.2). This is significantly 
denser than the solvent density (Ptiquia = 702.5 kg/m? for liquid 
n-octane), so ina g = 9.81 m/ sec’ (1 g) gravity field the assembler will 
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Figure B.1. Assembler wall dimensions: side view (above) and top 
view (below). 


fall through the fluid from the top to the bottom of a reaction cham- 
ber of height Lehamber = 2 Microns in a time terminal = Lehamber / Vrerminal 
~ 54 sec, where the particle terminal velocity Vrerminal is approximated 
by the Stokes sedimentation law?”8 as Vierminal = 2 g Lassembler” (Passembler 
- Pliquid ) / 9 Neolvent ~ 9-037 micron/sec, taking the mean assembler 
dimension Lassembler ~ 100 nm and solvent absolute viscosity Nsolvent ~ 
7.004 x 10% Pa-sec for n-octane at 273.15 K.3!!6 

In keeping with the goal of design simplicity, the proposed mo- 
lecular assembler is constructed almost exclusively of hydrocarbon 
and pure carbon structures, and all products the molecular assem- 
bler is capable of manufacturing are similarly restricted. The great 
majority of the atoms in the assembler reside in its outer shell, be- 
cause the interior of the device is mostly (~86%) empty space. The 
walls consist of solid diamond with a carbon atom volume number 
density Nearbon ~ 176 atoms/ nm? and all exposed surfaces are hydro- 
gen terminated with a hydrogen atom surface number density of 
Dhydrogen ~ 31.4 atoms/ nm’. Excluding external adsorbates, the ex- 
act total atom count in the shell is Ne shel (~ Mearbon {Wext - Vint) = 
180,576,282 carbon atoms and Nu shett (- Dhydrogen {Sexe + Sine + 
Spistonsides}) = 6,619,130 hydrogen atoms, where the hydrogen-ter- 
minated surface area around the piston plate at the end of its travel 
is Spistonsides = 2(2Yint + 2Zint) (Kpiston) = 4,800 nm”. There are addi- 
tionally Neostructure = 14,654,725 carbon atoms and Nugtructure = 
2,058,676 hydrogen atoms in all non-shell internal structures (Table 
4.2), giving a total whole-device carbon atom count of NC device = 
195,231,007 and a total whole-device hydrogen atom count of 
Nudevice = 8,677,806. The device also includes exactly Nsi device = 
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Nsndevice = 30 atoms each of silicon and tin in mechanosynthetic 
tool tips (though subsequent work**??5”? suggests replacing Si with 
Ge) for catalytic purposes which must be supplied by a very small 
number of vitamin molecules in the feedstock, giving an exact total 
atom count of Niotal = 203,908,873 atoms in the proposed molecu- 
lar assembler, as detailed in Table 4.2. Note that ~92% of all atoms 


reside in the hull wall and piston plate structures. 


B.2 Some Limits to Assembler Scalability 

This particular molecular assembler architecture may be scaled to 
larger or smaller sizes. There are, however, limits to the extent that the 
present architecture can be scaled without modification. Perhaps the 
most significant limit as size increases is the error rate. At some point, 
the assumption that a complete replication cycle can be completed 
with a modest probability of any error during the entire cycle will no 
longer be practical. The first concern would likely be the error rates 
in the relatively simple feedstock binding sites, which require feed- 
stock that is, by present standards, very pure. As the total atom count 
in the design increases, and as a consequence the number of feedstock 
molecules that must by cycled through the intake mechanisms in- 
creases, the error rates of these mechanisms must be reduced. At some 
point, this would require adopting a more complex intake mecha- 
nism, adopting the strategies proposed by Drexler*®® (his Section 
13.2.2) for a multi-staged cascade system that would be able to toler- 
ate feedstock impurities while still delivering feedstock molecules to 
the assembler interior with a low overall probability of error. 

With further increases in size, a point will be reached where ra- 
diation damage can no longer be neglected. Error detection and 
correction mechanisms would be required to insure correct system 
function. The current design assumes that the entire assembler can 
be discarded if a single error occurs — which is feasible only if the 
overall probability of an error is low. As size increases, the probabil- 
ity of a radiation-induced error will approach certainty, and the 
simple approach of discarding the entire assembler in the event of a 
single error will fail. While more sophisticated error isolation and 
correction strategies are feasible,”°*?!> these lie outside the scope of 
the present analysis. 

Another limit at even larger sizes in the scaling continuum is 
that the ratio of the surface area of the materials transport wall or 
the piston end wall to the volume of the device (or to the number of 
atoms per device) falls inversely with increasing linear dimension of 
the device (the Square-Cube law; Freitas,””® p, 172). This makes it 
progressively more difficult for a sufficient quantity of power and 
materials to pass through the two YZ walls during a fixed replica- 
tion time, thus limiting the ability to up-scale this specific architec- 
ture at significantly larger dimensions (though numerically the 
present design is far from these limits). The problem of feedstock 
bottleneck can be dealt with by increasing the input area exposed to 
the feedstock solution using “multiple thin sheets which have bind- 
ing sites on their surfaces””!? or by increasing the surface area of the 
intake by adopting a folded surface (Drexler,°* Section 14.3.1.b) 
much as the gut has villi which greatly increase the surface area 
available for absorption of nutrients (Freitas,?° Section 8.2.3). In 
this manner, convergent assembly could produce finished assem- 
blies at least 1 m? in size”! (Section 5.9.4). 

At the smaller end of the scaling continuum, the probability of 
error in signal detection via the pistons that provide power and con- 
trol scales”°’ as ~exp(-L). This source of error increases rapidly in 
importance as device dimension L decreases, thus limiting our abil- 
ity to downscale this design to significantly smaller dimensions. In 
addition, stiffness scales adversely with size, resulting in poorer ability 
to control positional uncertainty using smaller positional devices. 
While this source of error only increases linearly with smaller size, it 
will also limit scaling of the present architecture. 
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B.3 Gas Phase vs. Solvent Phase Manufacturing 

One simple extruding-brick assembler environment would em- 
ploy a two-component gas phase system — hydrocarbon feedstock 
molecules and vitamin molecules — with the assembler replicating 
in gaseous suspension. Diamondoid particles <4 microns in diam- 
eter that are suspended in gas at STP have a thermal velocity ex- 
ceeding their terminal sedimentation velocity,””® hence should not 
“settle out.” 

However, the importation of acoustic control signals having suf- 
ficiently high frequency and of acoustic energy pulses having suffi- 
ciently high intensity to power the assembler (Section B.4.2) is fa- 
cilitated by liquid phase, rather than gas phase, operation, for sev- 
eral reasons. 

First, a plane acoustic wave of initial amplitude Pp (atm) and 
frequency V traversing a uniform medium of thickness X and ab- 
sorption coefficient © is partially absorbed during transit, with trans- 
mitted amplitude P,, = Po e% In the case of Ar gas atoms,*!!” which 
are incapable of either vibration or rotation, Ota; = (1.7 x 107! sec?/ 
m)v? at 300 K and 1 atm, whereas for pure water Owwarer = (2.5 x 
10° sec?/m)v? and typically Organics = (3-600 x 10°! sec?/m)v? for 
organic fluids near STP2!!8 However, in acetylene gas at 300 K and 
1 atm pressure, the absorption coefficient as a function of frequency 
between 1-10 MHz peaks out®!”” as Olacetylene ~ (3-5 x 10% sec/m)v 
— the vibrational relaxation time in acetylene gas at 300 K and 1 
atm pressure, as measured by ultrasonic irradiation of the gas, is 7.4 
x 10° sec, corresponding to ~13.5 MHz.°!"” For irradiation volumes 
having dimensions comparable to acoustic wavelength, e.g., X ~ 100 
microns, absorption is far more severe in gas than in liquid. Absorp- 
tion becomes less severe for shorter path lengths. 

Second, the acoustic intensity Iquiq (W/ m7) that must be applied 
to a fluid to obtain a given planar acoustic wave pressure amplitude 
Pauid is given by Tquia = Phuid” / (2 Pfluid Vsound)» where Pfluid is fluid 
density and Vsound is the speed of sound in the fluid.??° For gaseous 
acetylene at STP, Pauig = 1.171 kg/m? and Vyound = 328 m/sec as 
estimated from the Newton-Laplace equation for gases; for liquid 
n-octane at 20 °C and 1 atm, Pquiq = 702.5 kg/m? and the speed of 
sound in liquid n-octane at 20 °C is Vsound ~ 1194 m/sec.?!!9 To 
produce a pressure amplitude of Payiq = 1 atm within the fluid-filled 
reaction chamber, Iquiq = 1.3 x 10” W/m? must be delivered to pure 
acetylene gas but only Iguig = 6.1 x 10° W/m? to pure liquid n-octane. 

The thermal response to such power influx is readily, if crudely, 
estimated as follows. A power flux Iquiq crossing a reaction chamber 
of linear dimension Lpamber ~ 2 microns that is filled with fluid of 
thermal conductivity Kqyiq and heat capacity Cy produces an equi- 
librium temperature differential of AT chamber ~ Iguid Lohamber / Kauid 
in an equilibration time of tgq ~ Lehamber’ Cv / Kauid.?2® For pure 
acetylene gas at STP, Kquiq = 2.11 x 10°? W/m-K?"!° and Cy ~ 1490 
J/m?-K [3120], so inserting a 1 atm signal amplitude produces a 
decomposition-inducing temperature differential of AT chamber ~ 
1200 K in an equilibration time tgq ~ 0.28 x 10° sec. For pure 
n-octane liquid at 20 °C and 1 atm, Kayig = 0.1292 W/m-K?!"6 and 
Cy ~ 1.41 x 10° Jim?-K3 7! (taking Cp/Cy ~ 1.1), so inserting a 1 
atm signal amplitude produces an almost negligible AT chamber ~ 0.1 
K in an equilibration time tga - 44 x 10° sec. 

A third important benefit of using a solvent is the significant 
elevation in the safe working pressure of highly sensitive carbon-rich 
feedstock molecules such as acetylene at room temperature — in 
the case of acetylene, from 2 atm as a pure gas to 17-20 atm as a gas 
dissolved in solvent (most commonly, acetone). This elevation ap- 
plies as long as the acetylene remains in solution and does not effer- 
vesce or coalesce as micropockets of gas (e.g., during acoustic cavi- 
tation; Sections B.4.4.2 and B.4.4.3). A similar elevation of acety- 
lene decomposition pressure threshold following solvation in liquid 
n-octane is anticipated but should be experimentally verified. 
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B.4 Acoustic Transducer for Power and Control 

The proposed molecular assembler receives all power and con- 
trol signals acoustically. Externally generated ultrasonic pressure 
waves travel through the solvent solution to the assembler device, 
whereupon a piston on the device is driven back and forth in a 
well-defined manner, passing energy and information simultaneously 
into the device. 

Although an acoustically-actuated nanoscale piston has not yet 
been demonstrated experimentally, microfluidic actuators are well 
known?!” and there are many reasons to expect that such small pis- 
tons will work as theory’ predicts. For example, microscale pressure 
sensors have already been built using conventional MEMS fabrica- 
tion techniques — e.g., a piezoresistive pressure microsensor dia- 
phragm,*!*? a 250-micron medical pressure sensor that fits inside 
catheters,>!*4 a 27-micron circular capacitive pressure sensor?!”° and 
an optical pressure sensor 7 microns thick.>!?° Micromachined flaps 
45 microns in size have been raised from horizontal to vertical posi- 
tion by ultrasonic pulsing,?!?” demonstrating microscale acoustic ac- 
tuation. Neutrophils ~8 microns in diameter that have phagocytosed 
a gas-filled microbubble exhibit large volume oscillations when 
insonated, with the trapped microbubbles experiencing viscous damp- 
ing approximately sevenfold greater than for free microbubbles.*!*8 
HeLa cells acoustically irradiated at 1.5 MHz for 10 minutes lost 
microvilli and became smooth at 41.5 °C, but developed a heavily 
pitted and porous surface at 45 °C; careful monitoring suggested the 
damage was caused by bubble surface oscillations — that is, by acoustic 
energy transfer — not by collapse cavitation.*'”? Paclitaxel-carrying 
2.9-micron lipospheres are “acoustically active,” releasing drug when 
ultrasound irradiation induces surface oscillations of sufficient am- 
plitude to rupture the artificial cell.?'%° Gas-filled 2-4 micron 
micropores insonated at 1-2 MHz may exhibit “pistonlike” or 
“membranelike” vibration modes.?!3!"3!53 At the nanoscale, pressure 
applied, then released, on carbon nanotubes causes fully reversible 
compression,°!*4 and experiments have shown very low frictional re- 
sistance between nested nanotubes that are externally forced in and 
out like pistons.>°°? Masako Yudasaka, who studies Cg molecules 
trapped inside carbon nanotubes or “peapods” at NEC, expects that 
“the buckyball can act like a piston”.*!%° Although microscale tym- 
panic membranes appear absent in living systems, nanotube arrays 
are being investigated as directional acoustic sensors because these 
stereocilia-like structures are known to mechanically respond to acous- 
tic energy.3!363!38 

In this Section, we will look at the choice of acoustic frequency 
(Section B.4.1), the physical description of the acoustic transducer 
and pressure bands (Section B.4.2), piston fluid flow dynamics (Sec- 
tion B.4.3), thermal expansion, acoustic cavitation and resonance 
(Section B.4.4), and finally the energy efficiency and energy cost of 
molecular manufacturing using the proposed molecular assembler 
device (Section B.4.5). 


B.4.1 Selection of Acoustic Frequency 

Power and control signals are imported into the molecular as- 
sembler via externally generated high frequency acoustic signals. The 
need to provide sufficient coupling to the onboard transducer at 
reasonable power intensities dictates liquid phase, rather than gas 
phase, operations. Choice of frequency in liquid phase is driven by 
several offsetting considerations. 

On the one hand, the highest feasible frequencies are preferred 
because they permit control information to be imported at the fast- 
est possible rate, thus minimizing replication time for a design re- 
quiring a particular number of steps for its manufacture. Also, at 
higher acoustic frequencies the onset of harmful cavitation requires 
higher power intensities than are likely to be necessary for normal 
manufacturing operations (Section B.4.4). 
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On the other hand, operating frequency must not be too high 
for several reasons. First, attenuation of acoustic signals increases 
exponentially with frequency — operation at 100 MHz could al- 
low significant attenuation in organic solvent (Section B.3), pro- 
ducing substantial solvent heating, unless path lengths are very short. 
Second, acoustic signals must be transduced by pistons whose drag 
losses are proportional to the square of the speed of sliding inter- 
faces.*°8 A 10 MHz piston that must travel ~10 nm/cycle moves at 
0.1 m/sec dissipating a negligible ~0.001 kT/cycle, but at 100 MHz 
would move at 1 m/sec, a speed which can dissipate ~100 times 
more energy, up to ~0.1 kT/cycle (a significant loss) in sliding in- 
terfaces of these nanoscale dimensions.”°° Third, the piston must 
be operated slowly enough (<<100 MHz) to remain in the viscous 
regime while displacing solvent molecules adsorbed at the piston 
cavity walls during each cycle of piston operation (Section B.4.3.3.4). 
Fourth, the time required for feedstock molecule binding at the 
acetylene binding site to occur with a high enough probability 
(qbinding = 1 - 10°'”) to ensure full-cycle device replication with 
99.99% certainty is thinding = 92 x 10° sec, defining a maximum 
possible acetylene molecule import rate of -11 MHz. 

Acetylene (ethyne), the simplest alkyne and our carbon source 
in this design, can be used safely in the laboratory at atmospheric 
pressure without risk of flash decomposition up to 1000 K,*!* 
though some decomposition in inert porcelain tubes is detected 
above 750 K.°!° At room temperature, pure acetylene gas decom- 
poses by deflagration above 2 atm and can detonate above 3.2 
atm.°!4! (Deflagration is a slow-moving decomposition to the ele- 
ments, producing fine carbon particles in the gas and gradual warm- 
ing the tank as -54.34 kcal/mole heat of formation is slowly re- 
leased, sometimes taking up to an hour before final detonation oc- 
curs.) Pure acetylene is shock sensitive and unlawful to ship under 
U.S. Department of Transportation regulations, but the gas dis- 
solves readily in acetone, benzene, and other organic solvents; 
shipped as an acetone solution impregnating a porous solid inside 
the tank, C2H) can safely tolerate pressures up to 17-20 atm before 
decomposition ensues. While butadiyne readily polymerizes in 7.4% 
acetone solution at room temperature during storage*!? or 
topochemically when heated or irradiated,>! acetylene does not 
polymerize under similar conditions and requires either chemical 
catalysis,>!44 IR laser irradiation at 107-108 W/m2,3! or 
diamond-anvil compression into the solid state at >3-4 GPa at room 
temperature for tens of hours?!4°7" for polymerization to occur. 
Thus for the present design, we choose acetylene as our hydrocar- 
bon feedstock molecule. 

Can acetylene tolerate without decomposition the passage of 
MHz acoustic pulses that will carry power and control signals to 
the proposed molecular assembler? Although acetylene is shock 
sensitive, Wang and Springer®!!” have irradiated acetylene gas pres- 
surized to 0.05-1 atm and heated to 300-900 K with 0.5-1 MHz 
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ultrasound having a pulse duration of 20 usec without observing 
any decomposition reactions. Hart et al*!°° observed sonolytic py- 
rolysis of acetylene in aqueous solution* at 20,000 W/m? and 1 
MHz, but peak pyrolytic activity occurred at a solution concen- 
tration of 0.002 M C,H),, falling essentially to zero for more con- 
centrated solutions >0.01 M such as we are proposing to use. 
Sonolysis of liquid decane at 20 KHz and at acoustic intensities 
up to ~10° W/m? evolves large amounts of C)H>,?!?! along with 
sonoluminescence,’!*” but there is no evidence of further decom- 
position of the acetylene. At the pressures (1-3 atm), frequencies 
(up to 10 MHz), C,H) concentrations (0.15 M), and intensities 
(-6100 W/m?) contemplated here, solvated acetylene should be 
equally ultrasound-tolerant and cavitation (Section B.4.4.3) resis- 
tant, an expectation that should be verified experimentally up to 
acoustic frequencies of at least 10 MHz. 

These considerations, along with past analyses by others, 
lead us to adopt Vacoustic = 10 MHz as a compromise operating fre- 
quency for the present design. 
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B.4.2 Physical Description of Acoustic Transducer 
and Pressure Bands 

Our proposed molecular assembler employs a single large acous- 
tic transducer at the piston end wall. The transducer consists of 
three simple components: (1) a piston plate, (2) a piston rod, and 
(3) a piston spring. 

The piston plate is a hydrogen-terminated diamond block mea- 
SUTIN Xpiston = 10 nm thick and with square cross-section of dimen- 
sion Yint Zints less four small square corner cutouts of dimension 
XydWlegwidth” = 100 nm’ each to accommodate the legs of the van der 
Waals cage (Section 4.11.3.4 (11)). Hence the piston plate area is 
Siansducer = Vine Zine = AxvaWlegwidth” = 2800 nm’. The piston plate 
slides in contact (and makes a tight seal) with the hydrogen-termi- 
nated diamond inner hull walls and extended legs of the van der 
Waals cage that projects outward from the piston end wall at the 
hull corners. The piston end wall includes four small inward-point- 
ing 1-nm tabs on the hull to prevent the piston plate from exiting 
the assembler, should the external pressure ever fall below 1 atm 
(e.g., during storage between replication cycles). 

The piston rod attached to the center of the inside face of the 
piston plate that extends back through the elevator plate to engage 
the control chain mechanism that is attached to the other side of the 
elevator plate, in the assembler interior. The piston rod is a hydro- 
gen-terminated diamond rectangular solid rod measuring Xrodwidth” 
in cross-section and Xrodlength = Xpistonrod + Xthrow + Xelevator + Xelevatorrod = 
100 nm in length, where X;odwidth = 4 1M, Xpistonrod = 64.286 nm, 
Xthrow = 15 nm and Xelevator = 10 nm, and Xelevatorrod = 10.714 nm, the 
minimum distance the piston rod protrudes beyond the inwardmost 
face of the elevator plate. (The maximum protrusion above the eleva- 
tor plate is Xthiow + Xelevatorrod = 25-714 nm.) 


3150 


* Pyrolysis of acetylene 


occurred in a 60 ml reaction vessel containing 37.5 ml of solution and 22.5 ml of argon gas, with acetylene added to this gas in varying small amounts. 


Sonolysis of acetylene has the character of combustion, producing a large number of reaction products including H,, CO, CH,, various hydrocarbons with intermediate C atom 
numbers (predominantly with even C numbers rather than odd) such as benzene and various C,H, isomers, high C number products such as naphthalene, and a yellowish soot 
consisting of particles of which 50% were >0.45 micron in size. At the peak rate, all acetylene was consumed in a few minutes of run time. The combustion mechanism is 
thought to involve a gas nucleus in the liquid that grows slowly and isothermally in the ultrasonic field. The mechanism of growth is rectified diffusion®* as the bubble oscillates. 
When the bubble reaches ~5 microns in size (at 1 MHz, in water), it undergoes a rapid adiabatic compression or collapse, momentarily creating temperatures of several thousand 
kelvins with pressures up to 100 atm. In contrast, a resonance bubble in n-octane at 10 MHz would be ~0.4 microns in diameter (Section B.4.4.3), larger than the assembler 
device and a substantial fraction of the ~2 micron reaction chamber width. Since the assembler solvent bath is an ultrapure liquid with no nucleation sites, and since the acoustic 
wavelength in n-octane at 10 MHz is ~100 microns >> 2-micron reaction chamber width (suggesting isotropic pressure throughout the chamber), cavitation bubbles should 
be difficult to initiate. 

Additionally, pyrolytic activity of the acetylene appeared to depend upon the presence of the water, which supplied H and 0 for various reaction pathways, but more 
importantly upon the presence of the argon, which (when dissolved in water) readily produces cavitation bubbles, creating a gaseous reaction microvessel wherein acetylene 
sonolysis can occur. At low acetylene concentrations, the rate of pyrolysis increases with C,H, concentration. But at higher acetylene concentrations, due to the lower specific 
heat of acetylene as compared to argon, the temperature reached in the adiabatic compression of the bubble becomes lower with increasing hydrocarbon content, leading 
to a maximum in the yield vs. hydrocarbon concentration curve. At C,H, concentrations exceeding 0.01 M, the temperatures achieved inside the cavitation bubble apparently 
are insufficient to induce sonolytic pyrolysis. The assembler feedstock solvent bath is anticipated to be a 0.15 M solution of acetylene. 
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In normal operation, the assembler resides in a pressurized fluid 
environment. At the beginning of the replicative cycle, pressure is 
slowly raised to 4 atm to unlock and activate any new daughter 
devices that may be present. The pressure is then slowly lowered to 
the baseline pressure of 2.0 atm. Thereafter, fluid pressure is varied 
between Pirin = 1.0 atm and Pmax = 3.0 atm in two pressure bands, 
each band 1.0 atm wide. (The acetylene decomposition pressure in 
n-octane solvent is assumed to be 17 atm (Section B.4.1), which 
lies comfortably above Pmax.) 

The piston spring is attached to the underside of the elevator 
plate at one end and to the piston rod at the other end. The spring 
ensures that the piston plate is at zero throw at <1 atm applied 
pressure, 5 nm throw at 2 atm, 10 nm throw at 3 atm, and 15 nm 
throw at 24 atm, and a 1-nm circumferential tab on the piston rod 
prevents its insertion more than 15 nm into the elevator plate, should 
the external pressure ever rise above 4 atm. 

For any given control pulse, the probability q,,, that the differ- 
ence between two forces AF imposed on a piston that moves a dis- 
tance L along its throw during a power stroke cannot be reliably 
distinguished from thermal noise2”® is given by der = exp (-L AF min 
/4kT). Taking ger = 10°! to ensure a 99% probability of success- 
ful completion of a 10'°-pulse command sequence at T = 273.15 
K, and L = Loontrol = 5.00 nm for each piston control band, then a 
power stroke force of AF min = 104 pN must be applied in the con- 
trol band to ensure adequate discrimination of piston pulses from 
thermal noise, representing a required minimum acoustic control 
pulse energy of AEpin = 521 zJ (~138 kT). 

During single-band operation, the Gibbs free energy per power 
stroke is AGpiscon = AP piston AV piston. Where the pressure change across 
the control band is APpiston = AP control = 1.013 x 10° N/m? (1 atm) 
and the change in piston volume across the control band is AVpiston 
= AVeontrol = Leontrol Stransducer = 14,000 nm>. This confirms that 
AGopiston = AG control = AP control AV control = 1418 zJ (-376 kT per 
single-band power stroke) > AEmin and that the power stroke force 
of AF piston = AF contral = AG control / Lesintcol = 284 pN > AF nin = 104 
pN. The required piston spring constant is kpistonspring = AF control / 
Loontrol = 0.0567 N/m (56.7 pN/nm). An excursion by the piston 
across a control band (5 nm of travel) in one half-cycle at Vacoustic = 
10 MHz gives a mean piston sliding speed of Vpiscon = 0.1 m/sec. 
The total power supplied to the device during single-band opera- 
tion is therefore Passembler = AF control Vpiston / 2 = 14.2 pW continu- 
ous, including the unpowered return stroke. 

During double-band operation, we have APpiston = 2AP control = 
2.026 x 10° N/m? (2 atm), Lyiston = 2Lconeol = 10.00 nm, AV piston = 
2AVeontrol = 28,000 nm?, hence AGpiston = 4AGcontrol = 5673 J 
(-1503 kT per double-band piston stroke), piston force AFpiston = 
2AF control = 568 pN, and mean piston sliding speed Vpiston = 0.2 m/ 
sec at 10 MHz. Hence the total power supplied to the device during 
double-band operation is Passembler = AF piston Vpiston / 2 = 56.8 pW 
continuous, including the unpowered return stroke. 

The acoustic waveform used to drive the acoustic transducer is a 
10 MHz sine wave of amplitude 1-2 atm or 2-3 atm in single-band 
operation, or 1-3 atm in double-band operation, depending upon 
which control response is desired. Reddy et al>!™ describe an AT-cut 
planar quartz crystal 160 microns thick that is driven in the 
thickness-shear-wave mode to produce 10 MHz (fundamental reso- 
nance frequency) longitudinal pressure waves in liquid n-octane or 
in liquid water. Unlike the square waves illustrated in Figure B.2, 
pure sine waves have no higher-frequency components. However, a 
transition from a sine wave of one amplitude to a sine wave of an- 
other amplitude, or a transition between a flat pressure regime and 
a sinusoidally varying pressure regime, can generate higher-frequency 
acoustic components that must be accounted for. In a practical sys- 
tem, the piston only sees the top portions of each sinusoidal pulse 
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Figure B.2. Pressure bands for power and control (Merkle-Freitas 
molecular assembler uses a sine waveform, not the square waveform 
illustrated here). 


because the mechanism has a minimum pressure threshold for re- 
sponse, in excess of thermal noise. 


B.4.3 Piston Fluid Flow Dynamics 

A nanoscale piston being driven through viscous fluid experi- 
ences two kinds of effects. First, it feels the resistance to flow asso- 
ciated with bulk fluid flows (Section B.4.3.1). Second, it encoun- 
ters wall-effect forces that are unique to the nanoscale (Section 
B.4.3.2). Section B.4.3.3 includes some further brief discussion 
of piston interactions with physisorbed solvent molecules at the 
wall-fluid interface. 


B.4.3.1 Bulk Fluid and Laminar Flows 

As the piston plate is pushed into the molecular assembler with 
increasing solvent liquid pressure, fluid flows into the volume va- 
cated by the piston, approximating fluid flow through a tube. In 
such situations, classical continuum models assume, among other 
things, that the molecular graininess of the fluid can be ignored. 
This assumption fails when tube dimensions — say, tube radius 
Rube — become comparable to or smaller than the characteristic 
molecular length scale (Aguiq) of the fluid.2°° In a liquid, Aguia ap- 
proximates the molecular radius; for n-octane molecules, Aguid - 
0.3 nm. Taking TReuber ~ Stransducers then Ryube (- 29.85 nm) >> 
Aaguid (- 0.3 nm), so the classical continuum equations should well 
approximate the bulk fluid flows into the piston cavity as the piston 
is pushed into the assembler device by rising pressure. It is generally 
accepted that bulk liquid behavior exists more than ~5-10 molecu- 
lar diameters (~2.5-5 nm for octane) from surfaces,?!°>?!®” and 
molecular dynamics simulations of liquid-filled pores show that the 
average diffusion coefficient in the center of the pore approaches 
the bulk value at a distance of more than 10 molecular diameters 
from the pore’s surface.°?° 

Continuum flow*!® is typically governed by the well-known 
Hagen-Poiseuille Law (or more commonly, Poiseuille’s Law), de- 
rived from the Navier-Stokes equations, which states that a pres- 
sure difference of APayid between the ends of a rigid tube of radius 
Ryube and length Lube will drive an aliquot of incompressible fluid 
of absolute viscosity 1[Auid in laminar flow through the entire tube 
length in a time tflow = 8 Nauid Lube” / Reube- AP quia: Taking Y1eluid = 
5.40 x 10% Pa-sec for n-octane,?!'° Riube ~ 29.85 nm, Liube = 10 
nm (double-band operation, the longest piston throw under nor- 
mal conditions), and APqyiq = 2.026 x 10° N/m? (2 atm), then 
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tow = 2.39 x 10° sec, an implied maximum cycling frequency of 
418 MHz. However, the actual piston is only operated at Vacoustic 
= 10 MHz, so the n-octane fluid molecules have plenty of time to 
enter the piston cavity, in near-perfect laminar flow (see below) 
and in equilibrium. In this regime, the drag power dissipation can 
be crudely estimated from Stokes’ law which gives the drag power 
for a sphere of radius R moving through a fluid of viscosity y at 
velocity v as Pstokes = 601 R v- 12 pW << Passembler = 56.8 pW 
during double-band operation (Section B.4.2), taking R = Rrubes 
Y = NAluid for n-octane, and v = Vpiston ~ (2 Liube Vacoustic) = 0.2 m/ 
sec during a double-band cycle of fluid flow. The equivalent drag 
force is Fscokes = PStokes / v ~ 60 pN << AFpiston = 568 pN for 
double-band operation (Section B.4.2). During single-band op- 
eration, Vpiston ~ 0.1 m/sec so the Stokes law drag power is Pscokes 
~ 3 pW << Passembler = 14.2 pW (Section B.4.2). The equivalent 
drag force is Fsrokes ~ 30 pN << AF piston = 284 pN for single-band 
operation (Section B.4.2). 

The resistance to Poiseuille (laminar) flow in a pipe is the mini- 
mum of resistance of all possible flows in a pipe.?!*” If the flow 
becomes turbulent, the resistance increases. The determinative pa- 
rameter is a dimensionless quantity called the Reynolds num- 
ber,?198-3!160 NR, which is the ratio of the inertial pressure (~ 9 v’) to 
the viscous pressure (~ 1 v/ R) in the flow of a fluid of density p, or, 
for our piston system, Nr = Pfluid Vpiston Lehar / Nfuid = 9.001, taking 
Pfluid = 702.5 kg/m? for n-octane?!®! and Vpiston ~ 0.2 m/sec during 
a double-band cycle of fluid flow. The characteristic linear dimen- 
sion L¢har is the ratio of the volume of the fluid to the surface area of 
the walls that bound it,?! giving Lebar = 4.12 nm for our piston 
during a double-band cycle. A Reynolds number this low indicates 
that bulk-phase fluid flow will be extremely laminar, both into and 
out of the piston cavity, and highly uniaxial, with the entire fluid 
moving parallel to the local orientation of the walls! 

Classical Poiseuille flow is characterized by a parabolic velocity 
profile over the cross-section of the channel. However, it is unlikely 
that the flow of octane-solvated acetylene into the piston cavity will 
be able to develop a parabolic velocity profile across the flow chan- 
nel (most favored for cavity aspect ratios*! near 1:1, as here). Brody 
and Yager?! estimate that small solute molecules of a size similar 
to the solvent molecules will have a relatively large diffusion coeffi- 
cient, hence will move with a plug flow (~constant velocity) profile 
whenever Ne < 0.001 — very close to our estimated Np = 0.001. 
Additionally, when fluid enters a narrow channel from a wider one, 
the flow profile is not immediately parabolic.*!° For low Reynolds 
number fluid flow, the inlet distance for flow to become 99% fully 
developed is ~Riubes but since Ryube (= 29.85 nm) > Liube (= 10 nm) 
there is insufficient length even in the longest possible piston throw 
to allow the flow to become fully developed. These factors argue for 
plug flow inside the piston cavity. 

In general, a large Reynolds number implies a preponderant in- 
ertial effect and the onset of turbulence; a small Reynolds number 
implies a predominant shear effect (e.g., viscosity) and the mainte- 
nance of laminar flow, with no-slip conditions (i.e., no fluid flow at 
the surface of an object?!4), Reynolds*!** found that the transition 
from laminar to turbulent flow typically occurs at Nr > 2000-13,000, 
depending upon the smoothness of the entry conditions. The low- 
est transitional value obtainable experimentally on a rough entrance 
in macroscale channels was Nr ~ 2000, although when extreme 
care was taken to establish smooth entry conditions the transition 
could be delayed to Reynolds numbers as high as 40,000. Recent 
studies of Reynolds numbers in microfluidics flow systems confirm 
transitional values of Nr >100 for the onset of turbulence, and 
maintenance of laminar flow as long as the “switching time” Tywitch 
on which the pressure driving the flow varies (e.g., ~107 sec at 10 
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MHz) is longer than the characteristic time Tchar = Pfluid Riube- / 
Naud (10° sec for our assembler piston)?! — such pressure 
changes may be considered quasi-static. The Stokes drag law used 
earlier should remain applicable as long as flow remains laminar. 
Laminar flows in nanoscale channels are well-known in biology. 
For example, cellular and nuclear microinjection through fine glass 
pipette tips as small as 200 nm in diameter is commonplace in the 
experimental biological sciences,?!© and the syringelike T4 bacte- 
riophage ejects ~200,000 nm? of DNA material through a 2.5-nm 
diameter hollow core protein nanotube at a flow velocity as high as 
0.36 mm/sec, forced by a ~30 atm head pressure.!7°*!”6? Molecu- 
lar dynamics simulations of fluid flow inside 1.3-1.6 nm diameter 
single-walled carbon nanotubes have also been reported.31°°!°7 


B.4.3.2. Confined-Fluid Density Layering Due to Near-Wall 
Solvation Forces 

Despite laminar bulk-fluid flows throughout the center regions 
of the piston cavity, nanoscale density layering near the liquid-solid 
interface is a universal feature of liquids*”** which has been demon- 
strated experimentally?19019!3!4 and in many simulations.?!7>3!”7 
Layering is observed both in long chain fluids and in fluids of spheri- 
cal molecules, and even in simulations of hard particles against hard 
walls.>!°8 Layering is caused by the packing of molecules against 
the surface, which is partly an entropic effect due to the increase of 
free volume of individual molecules when the density is layered com- 
pared to that in a uniform density.*?* 

The variations in density are most significant for fluids confined 
in very narrow spaces. It is believed that solvation forces are a signa- 
ture of molecular ordering induced by the confining surfaces.*'© 
In general,?!™4 low molecular weight fluids flowing between two 
walls separated by more than 5-10 molecular diameters (~2.5-5 nm 
for n-octane) experience a monotonically attractive van der Waals 
force as expected from continuum theories. But at smaller separa- 
tions the force generally oscillates with distance, varying between 
attraction and repulsion, with a periodicity equal to the mean di- 
ameter of the liquid molecules. The oscillatory force law is a reflec- 
tion of the tendency of simple molecules to order in layers near a 
smooth solid surface, and the enhancement of this ordering when 
two surfaces are in close proximity.*!°4 Simulation studies have 
shown that symmetric molecules are absorbed into or squeezed out 
of the confined space in a stepwise fashion,*!™ i.e., on a whole-layer 
basis,?!8°3!®° when the surface separation is changed. The confined 
film can undergo a series of pseudophase transitions between solidlike 
and liquidlike configurations.?!84!87 

Solvation force-driven density oscillations in confined liquids 
have been demonstrated for n-octane and related isomers in both 
theoretical?!7>3!8° and experimental?!9>7!973!4 studies, for 
non-octane alkanes both theoretically?!”°3'7* 3! and experimen- 
tally,3!78:3193-3200 and for various octane mixtures such as 
octane-butane, octane-methanol,?!** or octane-water.?!>?3!93 
The self-diffusion coefficient within the layers (which is related to 
the effective viscosity) has been shown*?°*3?"” to drop abruptly when 
films of spherical molecules are confined below a given critical film 
thickness, indicating a rather sharp solidification process. Interest- 
ingly, octane shows among the fewest number of density oscilla- 
tions (typically just two layers?!733!9231"4) with distance from the 
confining surface, before resuming bulk density, of the common 
alkanes. 

However, the space between adjacent walls in the piston cavity 
is ~Zine = 40 nm >> 2.5-5.0 nm = 5-10 molecular diameters of the 
n-octane molecule. It has been found?!”? that liquid n-octane con- 
fined experimentally between two mica surfaces exhibits liquid be- 
havior for gap thickness >5 molecular layers, and solidlike behavior 
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for <5 molecular layers. In general, when two surfaces are farther 
apart than ~10 molecular diameters, a simple fluid in the gap re- 
tains its bulk Newtonian behavior and the shear plane remains co- 
incident with the physical solid-liquid interface to within ~1 
molecular diameter at shear rates up to 10° sec'!,7°8 92"! and with 
no change in thin-film viscosity from the bulk liquid for long-chain 
linear alkanes such as tetracosane (C24H59) for strain rates up to 
10°-10!! sec’!,>2!4 While fluid strain rates found in a number of 
practical applications such as the lubrication of disk drives, 
micromachines, and camshaft lifters in automobile engines**!> can 
reach ~10° sec’, the shear rate inside our assembler piston cavity 
can only reach a maximum of ~Vpiston / Zine = 50 x 10° sec! for 
Vpiston = 0.2 m/sec in double-band operation. 

Surface force balances have also been used to probe the dynamic 
and structural properties of ultrathin films and suggest that, even 
when confined, liquids retain their bulk viscosity as long as the films 
are thicker than about ten molecular diameters, right up to the liq- 
uid-confining/solid interface (to within a single molecular 
layer).*7!°?13 As Klein and Kumacheva®”°? explain: “The picture 
that emerges is that, as the [confining] surfaces approach each other 
from large separations, the confined liquids retain their bulk fluid- 
ity across the entire gap, until at a critical spacing the entire film 
undergoes a liquid-to-solid transition.” 

For unconfined bulk liquids in contact with a single smooth 
solid surface, some layering of the molecules is induced, decaying 
over a few molecular diameters from the surface.>”°!?™ This layer- 
ing is due to simple geometric packing. But theoretical molecular 
dynamics and Monte Carlo studies of liquid films of n-oc- 
tane,>!73322 decane,?!™ and hexadecane*?!® on various isolated 
surfaces near room temperature, and related experimental 
work,**!"?!? have confirmed that bulk simple liquid alkanes near 
a surface remain fluid right up to the solid-liquid interface. 

The conclusion is that bulk viscosity flow conditions should pre- 
vail across the entire width of the piston chamber, except for piston 
interactions with physisorbed solvent molecules at the wall-fluid 
interface which is the subject of the following Section. 


B.4.3.3. Piston Operation in the Desorption and Viscous Regimes 

A rectangular hydrogen-terminated diamond piston plate moves 
back and forth inside a cavity whose walls also consist of 
hydrogen-terminated diamond. The outward-facing surface of the 
piston plate and the inward-facing surfaces of the piston cavity are 
exposed directly to the external solvent environment. A molecular 
dynamics simulation of hexadecane wetting the Au(001) surface at 
315 K shows that the initial monolayer is complete in ~1 x 10° 
sec;**!” another simulation study of liquid octane near a waxy in- 
terface required ~0.4 x 10° sec for monolayer adsorption equilibra- 
tion,” and equilibration times of 0.3-1 x 10° sec are typical in 
alkane film adsorption or confined liquid studies.°'®’ For our as- 
sembler design, we assume that predominantly n-octane molecules 
physisorb to the passivated diamond walls in a time tadsorb ~ 1 x 10° 
SEC << tpiston = (2 Voiston) = 50x 10° sec. Hence, throughout each 
return stroke of the piston (wherein the cavity is reduced to zero 
volume), all cavity walls that are still exposed to solvent should be 
reliably coated with a complete physisorbed monolayer of n-octane 
molecules. 


B.4.3.3.1 Nature of the Physisorbed Monolayer 

Although n-octane molecules exhibit numerous vibrational 
modes and surface conformations on diamond,*?!®* %?!? experi- 
ments and molecular dynamics simulations have shown that an 
n-octane monolayer deposited on hydrogen-terminated diamond 
C(111):H(1x1),°?”° simulated hydrocarbon-like waxy substrate,>7> 
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hydroxylated a-Al,O3(0001),!"” Cu(111),9772??? Cu(100),*?”? or 
Au°””? surfaces adsorbs octane molecules with their C-C-C plane 
oriented parallel to the substrate. Other studies*??4**° have con- 
firmed that for straight chain molecules such as the n-alkanes and 
for various linear polymer melt molecules, the molecules align par- 
allel to the solid surfaces. A surface monolayer of n-octane on dia- 
mond has an areal density of agctane ~ 0.60 nm?/molecule?”?! and a 
thickness of Smonolayer ~ 0.3-0.6 tum. ?1799180.3194,5252-3254 A molecu 
lar dynamics study by Gupta, Koopman, et al*!7*3!7° of liquid 
n-octane at 360.6 K physisorbed on a planar fcc surface having a 
solid-liquid adhesive energy parameter equivalent to the basal plane 
of graphite found that the population of octane molecules nearest 
the surface showed only 36% of adsorbed molecules with 8 hydro- 
gen-surface contacts, 22% with 5-7 contacts, and 42% with 1-4 
contacts, and rotational relaxation times of order ~0.01 nanosec. 
Consistent with related studies,>!8”3!®? we assume that van der 
Waals physisorption by n-octane induces no reconstruction of the 
underlying hydrogen-terminated diamond wall surface structure. 


B.4.3.3.2 Operational Regimes Defined 

The interaction of the piston plate with the physisorbed n-oc- 
tane monolayer during the piston return stroke will be governed 
by the characteristic diffusion time Tdiffusion|| Of the adsorbed 
n-octane molecules parallel to the surface. According to the 
well-known Einstein-Smoluchowski diffusion equation,7*8 
Tdiffusion|| ~ (Ax)? / (2 Dadiffasion||) Where Ax is the distance diffused in 
a fluid having lateral diffusion constant D4iffasion||- For an adsorbed 
monolayer, Ax may be taken as the mean intermolecular separation 
distance within the monolayer, or Ax ~ aoctane!/? - 0.77 nm for 
N-Octane. Tdiffasion|| is thus the mean time for a physisorbed mol- 
ecule to diffuse one intermolecular separation distance. Although 
no studies of any kind have been done on the physisorption of 
n-octane on diamond surfaces, estimates from molecular dynamics 
and other theoretical investigations have found, for example, that 
Daitfasion|| ~ 0.57 x 10° m2?/sec for 1.3 monolayers coverage of liq- 
uid n-octane physisorbed on a-Al,03(0001) at 300 K,3234 Diffasion|| 
~ 7.5 x 10° m/sec for an n-octane monolayer on Cu(111) surface 
at 200 K,??> Daitfusion|| ~ 1.7 x 10° m7/sec for butane at 149 K or 
hexane at 215 K adsorbed on graphite,**°° Daitfusion|| ~ 2.1 x 10° 
m7/sec for butane at 150 K on Pt(111) at close to monolayer cover- 
age,?797 Dadiffusion|| ~ 10 x 10° m7/sec for 1.0 monolayer coverage of 
liquid benzene on the basal plane of graphite at 250 K,*”°* and 
Daiffusion|| ~ 2.8 x 10° m/sec for the translational self-diffusion co- 
efficient for liquid ethylene adsorbed on the basal plane of graphite 
at 75 K.3*39 Conservatively taking Dgiffasion|| ~ 1.0 x 10° m/sec for 
liquid octane adsorbed on hydrogen terminated diamond at 300 K, 
then Tdiffusion|] ~ 0.3 x 10° sec. 

The characteristic time required for the piston plate to travel 
one intermolecular separation distance (Ax) is Tpiston = Ax / Vpiston- 
This defines three distinct operating regimes for the piston relative 
to the surface-adsorbed n-octane monolayer, as discussed further, 
below: 


I. Desorption Regime:  Tpiston << Tdiffasion|| (~ 0.3 x 10° sec) 
II. Transitional Regime: Tpiston ~ Tdiffusionl| (- 0.3 x 10° sec) 
HI. Viscous Regime: —Tpiston >> Tdiffusion|| (~ 0.3 x 10° sec) 


B.4.3.3.3 Operation in the Desorption Regime 

Assuming double-band piston operation for the rest of this dis- 
cussion, the center of the transitional regime would occur at a pis- 
ton frequency Of Veransitional ~ Ax / (2 Loiston Tdiffusion||) ~ 128 MHz, 
taking Lpiscon = 10 nm (Section B.4.2). If the piston is operated 
above this frequency, then there is insufficient time for adsorbed 
molecules to laterally diffuse and escape from the approaching 
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Table B.1. Enthalpies of adsorption (desorption) for physisorption of even-numbered linear-chain hydrocarbons on 


various surfaces 


Physisorbed Physisorption Physisorption Enthalpy zJ per 

Molecule Surface (zJ/molecule) CH, Unit Ref/Type 
ethane (C2He) graphite, 300 K 18.4 9.2 3241 C€ 
ethane (C,H6) graphite, 300 K 26.4-33.4 13.2-16.7 3242 E 
ethane (C2H6) graphite, 196 K 28.7 14.4 3241 E 
ethane (C2H6) graphite, 173 K 30 15 3243 E 
ethane (C2H6) graphite, 300 K 33.4 16.7 3242 C 
ethane (C,Hg) graphite, 200-300 K 37.4 18.7 3244 C 
n-butane (C,H10) graphite, 279-285 K 24-29 6-7.3 3245C 
n-butane (CH10) a-Al,03(0001), 100 K 43 11 3234C 
n-butane (C,H1o) graphite, 300 K 55.6-57.0 13.9-14.2 3242 E 
n-butane (C,H10) Pt(111) 57 14 3246 E 
n-butane (CH10) a-Al,03(0001), 100-150 K 58 15 3247 E 
n-hexane (CsH14) a-Al,03(0001), 100-150 K 72.3 12 3247 E 
n-octane (CgH1g) graphite 0.8 3176 C 
n-octane (CgHis) (heat of fusion) 34.4 4.3 2987 E 
n-octane (CgHi8) Au(001) @ 300 K 5 3176 C 
n-octane (CgH1g) mica @ 360.6 K 6-10 3176 C 
n-octane (CgHig) Pt(111) ~70-80 8.8-10 3248 E 
n-octane (CsHia) a-Al,03(0001), 100/300 K 75 9.4 3234 C 
n-octane (CgHig) mica, 300 K 100-170 12-21 3197 C 
n-octane (CsHis) a-Al,03(0001), 100-150 K 101.4 12.7 3247 E 
n-decane (Ci9H22) graphite, 291-293 K 69-76 7-8 3245 C 
n-dodecane (C12H26) mica 190-380 16-32 3174C 
n-tetradecane (C1,H30) graphite 259 18.5 3249 C 
n-hexadecane (CigH3.) graphite @ 298 K 55 3.4 3250 E 
n-hexadecane (CigH3.) cast iron @ 298 K 56 3.5 3251 E 
n-hexadecane (CigH34) Au(001), 350 K 111 7 3175 C 
n-hexadecane (Ci6H3,) Au(100), 350 K 122-146 7.6-9.1 3216 C 
n-CogH42 cast iron @ 298 K 75 3.8 3251 E 
n-CooHse graphite @ 298 K 98 45 3250 E 
n-Co4Hs59 cast iron @ 298 K 130 5.4 3251 E 
n-CogHsg graphite @ 298 K 158 5.6 3250 E 
n-CogHsg cast iron @ 298 K 186 6.6 3251E 
n-dotriacontane (C32H6s) MoS2 55-85 1.7-2.7 3252 E 
n-dotriacontane (C32H¢6) WS. 83-86 2.6-2.7 3252 E 
n-dotriacontane (C32H66) cast iron @ 298 K 238 7.4 3251E 
n-dotriacontane (C32H¢6) graphite 240-350 7.5-10.9 3252 E 


E = experimental value, C = calculated or estimated value, or result of computational simulation 


piston plate, so the adsorbed molecules must be mechanically des- 
orbed from the surface in order to allow the piston plate to pass. 
Heat is evolved during the physical adsorption process,”?*” 


energy must be added to molecules physisorbed on a surface in or- 
der to desorb them. A laterally-moving tight-seal scraping plate that 
applies a mechanical energy greater than the bulk material energy 
of adsorption (aka. energy of desorption, heat of adsorption or en- 
thalpy of adsorption) to an n-octane molecule physisorbed on a 
diamond surface is likely to desorb that molecule from the surface. 
Table B.1 shows desorption energies for even-numbered linear-chain 
hydrocarbons on different surfaces, at various temperatures. Graphite 
is considered a very weakly physisorbing “nonwetting” surface for 
hydrocarbons, gold is a moderately physisorbing surface, and mica 


is a strongly physisorbing surface.?'”* According to polymer adsorp- 
tion theory,’*“? adsorption or desorption from solution generally 
requires 0.2 kT to 4 kT per interacting polymer segment (e.g., 
~0.8-17 zJ per carbon segment in a long-chain n-alkane at 300 K), 
depending on the chemistry of the repeat segments and of the sol- 
vent. Aside from one study*!®” of the physisorption of acetylene on 
the diamond (111) surface, the physical adsorption of alkanes and 
other hydrocarbons on diamond surfaces has yet to be systemati- 
cally investigated. The range of desorption enthalpies appears to be 
1-15 zJ per C unit for hydrocarbons on graphite and a few other 
hydrocarbon-nonwetting surfaces. In the absence of hard experi- 
mental data or reliable computational simulations, a value of ~1 
kT/segment or ~4 zJ per CH, unit for octane on diamond surface 
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at 300 K appears reasonable, though the precise choice does not 
sensitively affect our conclusions. 

Taking the enthalpy of desorption for physisorbed n-octane on 
diamond at 300 K as Egesorh ~ 32 zJ/molecule, then the power re- 
quired for piston motion is Pdesorh ~ 4 Vpiscon Edesorb (Yine + Zine) 
Lpiston / octane. Taking Lpiston = 10 nm, Yine = 80 nm, Zin = 40 nm, 
aoctane ~ 0.60 nm?/molecule, and Vpiston > 128 MHz, then pdesorb 
> 33,000 pW >> passembler (= 56.8 pW; Section B.4.2), and so the 
piston becomes securely pinned by solvation forces and cannot move 
at this frequency. 


B.4.3.3.4 Operation in the Viscous Regime 

Again assuming double-band piston operation, a piston frequency 
of Vpiston = 10 MHz << Veransitional = 128 MHz. Specifically, at 10 
MHz, Tpiston = 3-85 x 10° sec >> Tdiffusion|| (- 0.3 x 10° sec) and so 
the piston is found to be operating well into the viscous regime. 
When the piston is operated in the viscous regime, there is suffi- 
cient time for adsorbed molecules to laterally diffuse and escape 
from the approaching piston plate during the return stroke. As a 
result, the adsorbed molecules need not be mechanically desorbed 
from the surface in order to allow the piston plate to pass. Instead, 
the piston moves through the monolayer much like a solid object 
passing through a viscous fluid, and the drag power required for 
this motion can be crudely estimated from Stokes’ law (Section 
B.4.3.1), as follows. 

First, according to the Einstein-Stokes equation,””® viscosity is 
inversely proportional to the diffusion coefficient. Since the 
self-diffusion constant Dpuk - 2.9 x 10° m/sec for bulk n-octane 
at 300 K,°?*4 then the effective lateral viscosity of the adsorbed oc- 
tane monolayer is Y monolayer ~ Ybulk (Dputk / Dadiffusion||) y 1.57 x 10° 
Pa-sec, taking Ybulk = 5.40 x 10“ Pa-sec for bulk liquid n-octane?!!6 
and D4iffusion|| ~ 1-0 x 10° m/sec for liquid octane adsorbed on 
hydrogen terminated diamond at 300 K (Section B.4.3.3.2). Sec- 
ond, the Stokes’ law drag force and drag power are both propor- 
tional to area!/. Taking monolayer thickness Smonolayer ~ 0.5 nm 
(Section B.4.3.3.1), then the effective Stokes radius for the portion 
of the piston surface in contact with the monolayer is Rmonolayer ~ 
((2Yine + 2Zine) Omonolayer / mt)? = 6.2 nm. Hence the additional 
Stokes’ law drag power for the piston plate edge moving through 
the physisorbed n-octane monolayer at a viscous regime velocity 
Vpiston = 0.2 m/sec is Pmonolayer ~ 6n Y monolayer R monolayer Vou -7.3 
pW << Passembler (= 56.8 pW; Section B.4.2), and so the piston moves 
easily through the monolayer (at low speeds) with only modest en- 
ergy losses. 

Note that while no-slip conditions at the walls are customarily 
assumed in analyses of low Reynolds number fluid flow regimes 
and Poiseuille flows,>!“ there are cases where this assumption does 
not hold.*”°? Most notably, one molecular dynamics study? of 
simulated liquid-phase constant-temperature linear alkane chains 
confined between atomistic pure titanium walls under shear flow 
conditions (walls translating in opposite directions) found that the 
alkane chains exhibited a tendency for slip at the walls, as evidenced 
by a bifurcated density profile, by small discontinuities in the veloc- 
ity and temperature profiles at the wall-fluid interface, and by higher 
mean-square end-to-end distance along the shear flow direction. 

To summarize: During double-band operation, the gross acous- 
tic power input to the piston is Passembler = 56.8 pW (Section B.4.2), 
which, when reduced by the bulk drag loss of pstokes ~ 12 pW (Sec- 
tion B.4.3.1) and the monolayer drag loss of Pmonolayer ~ 7.3 pW; 
gives a net acoustic power input delivered to the piston of ppiston ~ 
37.5 pW and an available force AF piston = 2 Ppiston / Vpiston = 375 PN 
during the power stroke. During single-band operation, the gross 
acoustic power input to the piston of Passembler = 14.2 pW (Section 
B.4.2) is reduced by the bulk drag loss of pstokes ~ 3 pW (Section 
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B.4.3.1) and the monolayer drag loss of Pmonolayer ~ 1.8 pW, giving 
a net acoustic power input delivered to the piston of Ppiston ~ 9.4 
pW and an available force AF piston = 2 Ppiston / Vpiston = 188 pN 
during the power stroke. 


B.4.3.3.5 Physisorption and Desorption of Nonsolvent Molecules 

Since there is one acetylene molecule for every ~59 n-octane 
molecules in the hydrocarbon feedstock solution, the possible 
physisorption of solvated acetylene molecules from the external sol- 
vent bath to the piston cavity passivated diamond walls must also 
be evaluated. Experiments?!®? on the physisorption of acetylene on 
the diamond C(111)-H(1x1) surface from gas phase show that the 
C,H): molecule adsorbs nearly flat on terraces but is slightly tilted 
on defect sites, covering four surface hydrogens. This in-plane ori- 
entation of the acetylene monolayer is not unexpected because C,H» 
has high xt electron density around the C=C triple bond, the most 
energetically favorable position to be attacked by hydrogen-con- 
taining species to form a hydrogen bond, and because electrostatic 
interactions also favor the horizontal orientation of C,H 2 on the 
diamond surface. 

Will n-octane or acetylene be preferentially adsorbed on the pas- 
sivated diamond surface? In principle, the heat of adsorption is of 
the same order of magnitude as the heat evolved during phase changes 
such as freezing or condensation,”’®” since all these processes are 
governed by van der Waals interactions. The heat of fusion for 
n-octane at 1 atm is 34.4 zJ/molecule;7?°” for acetylene, the heat of 
fusion is only 4.17 zJ/molecule””’ and 1.34 zJ/molecule for the 
heat of sublimation,*”°® which would appear to strongly favor the 
persistence of octane. 

A molecular dynamics simulation by Xia and Landman*”’” found 
that in an equal-weight mixture of hexane and hexadecane on the 
Au(001) surface at 315 K, both species initially adsorb in the near- 
est-surface monolayer with a slight preference in number of attached 
segments for the shorter-chain hexane molecules. But the longer 
chain quickly crowds out the shorter chain by reptation motions, so 
that by 0.8 x 10° sec the attached segment counts are about equal 
and by 8 x 10° sec there are 20 times more hexadecanes than hex- 
anes attached. Similarly, a simulation of an octane-butane mixture 
on a waxy surface at 223 K produced an early preferential adsorp- 
tion of the butane in the layer nearest the surface, but the simula- 
tion was halted after only 0.2 x 10° sec so any subsequent possible 
substitution effects could not be observed.*** In a mixed-hydro- 
carbon solution of C14H39 in benzene on a graphite surface, alkane 
chains were found to rapidly penetrate the previously adsorbed ben- 
zene layers near the surface and adhere to the graphite.” In one 
early study, n-alkanes with carbon numbers from 16-32 in n-hep- 
tane solution readily displaced the shorter-chain heptane and 
physisorbed to surfaces of cast iron, graphite, MoS) and WS 9771? 
This preferential adsorption of longer-chain hydrocarbons is be- 
lieved to be driven by lateral intermolecular interactions within the 
adsorbed layer,**”” rather than by adsorbate-substrate interaction, 
which suggests that the much larger n-octane molecules will adsorb 
to diamond in preference to acetylene molecules, leaving a weakly 
physisorbed close-packed n-octane monolayer at the surface with 
the carbon skeleton planes of the octane molecules oriented parallel 
to the surface,*””? and relatively few surface-physisorbed acetylene 
molecules. The adsorption stability of the alkanes increases with 
increasing chain length.*?*” 

Vitamin molecules are present in feedstock at the parts-per-mil- 
lion level and can be designed to minimize their physisorption to 
diamond walls, hence should not significantly contribute to piston 
drag forces or drag power losses. The authors would encourage a 
more comprehensive molecular dynamics analysis of nanoscale pis- 
ton operations. 
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B.4.4 Thermal Expansion, Acoustic Cavitation 
and Resonance 

The proposed molecular assembler, as an acoustically-driven 
device, dissipates energy locally, hence produces waste heat which 
could produce small stresses from uneven wall heating; this possi- 
bility is evaluated in Section B.4.4.1. Sections B.4.4.2-B.4.4.6 con- 
sider the possibility of acoustic cavitation, resonances, and related 
effects in a submicron-scale diamond box acoustically driven at 10 
MHz in an n-octane bath. Studies of acoustic cavitation in liquid 
n-octane have yet to be performed and should be undertaken as 
soon as possible. The risks of cavitation in the nanomedical context 
have already been noted elsewhere.?78 


B.4.4.1 Thermal Expansion in Diamond Walls 

The proposed molecular assembler receives Pdgevice ~ 14.2 pW of 
continuous power when operated in single-band mode (e.g., from 
1-2 atm or from 2-3 atm), or 56.8 pW when operated continuously 
in double-band mode (e.g., from 1-3 atm). Thus the device pos- 
sesses a power density of Pdevice / Vext = 6.89-27.6 x 10? W/m. An 
acoustic power flux of Lycoustic ~ Pdevice / Stransducer = 5070-20,300 
W/m? crossing an assembler of mean dimension Lassembler ~ 100 
nm that is composed mostly of diamond having thermal conduc- 
tivity Kgiamond = 2000 W/m-K and heat capacity Cy ~ 1.82 x 10° 
J/m?-K produces a negligible equilibrium temperature differen- 
tial of AT ~ Tacoustic Lassembler / Kdiamond = 0-25-1.0 x 10°° K in an 
equilibration time of tgq ~ Lassembler~ Cv / Kaiamond = 9 x 10°!” sec.?78 
Across a reaction chamber of size Lehamber ~ 2 microns, the spatial 
thermal gradient of AT chamber / Lehamber ~ 3-9-15.7 x 10* K/m (tak- 
ing Iguid = Tacoustic in Section B.3) caused by differential acoustic 
heating of liquid n-octane solvent on opposite sides of the reaction 
chamber implies that the solvent temperature at either end of the 
assembler may differ by as much as AT solyentends = (AT chamber / 
Lohamber) Xext ~ 0.01-0.05 K, producing a linear thermal expansion 
in the diamond walls (expansion coefficient Ogiamond = 8 X 107 K) 
that cannot be larger than Xex (Odiamond AT solventends) ~ 0.4-1.5 x 
10° m or 310% atomic diameters, which is negligible. 


B.4.4.2 Transient Cavitation 

Ultrasound passing through liquids may produce transient 
bubbles which implode, producing temperature increases of ~10° 
K and pressure spikes of ~10° atm localized in regions of a few mi- 
crons in radius. In water, normal or transient cavitation requires an 
irradiation intensity of ~10° W/m? (~5.4 atm) at 30 KHz or ~10° 
W/m? (-17 atm) at 1 MHz.?°® Relevant thermodynamic constants 
for liquid n-octane lie within an order of magnitude of the same 
values for water, so 10 MHz operation in liquid n-octane at Iycoustic 
~ 6100 W/m? for AP ~ 1 atm (Section B.3) is not expected to pro- 
duce transient cavitation. However, this expectation should be veri- 
fied experimentally. 


B.4.4.3 Stable Cavitation 

Small pre-existing bubbles surrounded by a liquid will resonate 
in synchrony with the acoustic field, with the liquid acting as the 
oscillating mass and the gas serving as the compliant component. If 
the bubbles are pure acetylene gas, an oscillating compression that 
commonly reaches Prax = 3 atm might produce some decomposi- 
tion which can occur in acetylene via slow deflagration above 2 atm 
at room temperature.°!4! Resonating bubbles have been reported in 
medical ultrasound beams at power intensities as low as 6800 W/m? 
at 0.75 MHz,°*°8 which is slightly higher than Iacoustic ~ 6100 W/ m’. 
Pyrolysis of acetylene in argon bubbles in aqueous solution has 
also been observed at 20,000 W/m? and 1 MHz (Section B.4.1), 
but much higher intensities should be required to initiate bubble 
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resonance at higher frequencies (e.g., at Vacoustic = 10 MHz). This 
expectation should be verified experimentally, and it would be pru- 
dent to ensure that no preexisting acetylene microbubbles are present 
in the n-octane feedstock solution. 


Bubble size is also an important factor. Minnaert**? 


showed 
that under adiabatic conditions the resonant frequency Vresonant 
of a bubble of gas of radius Rpubbie with ratio of specific heats Y¢a5 
in a liquid of density Pjiquid and absolute liquid pressure Piiguig is 
given by Vresonant = (3 Ygas Piiquid 14 a0? Pliquia) / Roubble ~ 3.671 
Roubble for acetylene gas bubbles in liquid n-octane at STP, taking 
Yeas ~ 1.23, Piiquid ~ 1 atm (1.013 x 10° N/m’), and Phiquid ~ 702.5 
kg/m. The largest possible reaction chamber-sized bubble with 
Roubble = Lchamber / 2 = 1 micron resonates at Vresonant ~ 3-7 MHz, a 
frequency only somewhat below Vacoustic: However, such colloidal 
bubbles may have lifetimes on the order of usec.>? In particular, 
acetylene bubbles ~0.1 micron or smaller have a higher gas concen- 
tration inside the bubble than in solution, hence shrink rapidly (e.g., 
<8 usec) via diffusion and redissolution. Since the assembler sol- 
vent bath is an ultrapure liquid with no nucleation sites, and since 
the acoustic wavelength in n-octane at 10 MHz is ~100 microns >> 
2-micron reaction chamber width (suggesting isotropic pressure 
throughout the chamber), cavitation bubbles should be difficult to 
initiate. 

Note that the natural acoustic resonance frequencies for the as- 
sembler structure itself are many orders of magnitude higher, on 
the order of Vresonance > (~ Vsound / L) = 50 GHz taking Veound ~ 17,300 
m/sec for diamond structures of dimension L ~ X,,, = 343.572 nm. 
(Acoustic frequencies of 8 GHz were reported experimentally in 
liquid helium in the 1980s;°?°! frequencies up to 50 GHz can be 
used to see crystal defects in very good crystalline samples at liquid 
helium temperatures, and ultrasound in water is possible up to a 
few GHz.°?°?) 


B.4.4.4 Acoustic Heating 

In conventional medical ultrasound,?78 dissipation of vibrational 
energy in aqueous tissues can produce heating rates of ~1 K/minute 
if applied at ~50,000 W/m? at 3 MHz, which is considered hazard- 
ous, and ultrasound intensities of ~2 x 107 W/m? at the point of 
action are used to cauterize liver tissue after surgery.7°? Continu- 
ous ultrasound exposure to 2000-6000 W/m? at 0.1-10 MHz raises 
human soft tissue temperature by 1 K at equilibrium, which is con- 
sidered safe.*7™ Acoustic sonoluminescence in nonaqueous liq- 
uids*!>! typically requires power intensities in the range 0.4-3 x 10° 
W/m? >> Licoustic = 6100 W/m?. As noted at the top of this Section, 
both acoustically generated solvent thermal gradients and thermal 
expansion of the device are expected to be minor or insignificant 
factors. 


B.4.4.5 Acoustic Torque and Fluid Streaming 

Physical fluid motions are driven by ultrasonic radiation pres- 
sure,~°* typically ~0.001 N/watt or ~0.23 pN near the largest (Xext 
Yext) = 0.0344 micron? face of the assembler at Incoustic = 6100 W/m. 
Forces of this magnitude are unlikely to significantly affect the struc- 
ture or function of the proposed molecular assembler. 


B.4.4.6 Shock Wave Formation 

Shock waves most easily form in liquids having low attenuation 
but require macroscale path lengths much longer than the antici- 
pated reaction chamber size Lohamber ~ 2 microns and may also re- 
quire higher pulse pressures than the ~3 atm envisioned in the mo- 
lecular assembler design (Section B.4.2). For example, a 3-MHz 
10-atm pulse shows a shock waveform only after passing through 5 
cm of water at room temperature.° 


Appendix B — Design Notes on Some Aspects of the Merkle-Freitas Molecular Assembler 


B.4.5 Energy Efficiency and Energy Cost of Molecular 
Manufacturing 

The overall energy efficiency of the proposed molecular assem- 
bler is very low. If each C-C bond in the final structure requires the 
dissipation of one C-C bond energy (~556 zJ)?°% and each C-H 
bond in the final structure requires the dissipation of one C-H bond 
energy (~671 zJ)°8 to install, this implies a theoretical minimum 
replication energy of Ec ~ 1112 zJ per carbon atom (half a bond 
energy, times four bonds per emplaced carbon atom) and Ey ~ 671 
z) per hydrogen atom installed or Etheorer ~ Ec Newdevice + En Nu device 
~ 0.223 nJ for the entire device. However, the 14.2-56.8 pW device 
actually receives a total of Edevice ~ Pdevice Trep! ~ 14,200-56,800 nJ of 
acoustic energy during each replication cycle (0.073-0.291 pJ per 
carbon atom), so replication energy efficiency is only €:ep| = Exheoret 
| Edevice ~ 0.001%. If energy is delivered efficiently to the onboard 
acoustic transducer, the energy cost of manufacturing could be as 
low as 3.8 x 10”? J/kg for an energy cost of ~$100,000/kg (cf. 
~$6,880,000/kg for the active surfaces of computer chips and 
$28,000,000/kg for gemstone quality diamond at wholesale; Table 
6.1) assuming a raw energy cost of ~$0.10/KW-hr (2.78 x 10° $/ 
J). These high costs and poor efficiency may be significantly im- 
proved in successor designs. 


B.5 Wall Stiffness During External Acoustic Forcing, 
Thermal Noise, or Collision 


The proposed molecular assembler in its initial state may be 
viewed as an evacuated hollow rectangular box surrounded by fluid 
which is cyclically pressurized between 1-3 atm. This subjects each 
of the box walls to an oscillating pressure load which may cause 
each wall to bow out of plane. Each wall of the box is integrally 
joined to adjacent walls along each edge, hence each wall may be 
analyzed mechanically*”® by analogy to a rectangular 1.5:1 clamped 
plate?” or to a >2:1 clamped strip plate.*“°” The maximum 
out-of-plane deflection at the center of a rectangular plate of short- 
est edge Lylate, thickness hptare, and Young’s modulus Epjare, when 
clamped on all four sides and loaded by uniform normal pressure 
AP plates is given by Splate = kplate (AP plate Lae / Eplate ase) where 
kplate is a constant of order ~0, 132663267 The worst deflection oc- 
curs in the longest short wall where Lytace = Yexe = 110 nm, holare = 
Wehick = 10 nm, and Epjare = 1.05 x 10!* N/m? for diamond. The 
highest applied pressure pulse is AP piace = 3 atm during a control 
pulse, giving Splare = 0.004 nm, or AP» lace = 2 atm during a power 
pulse, giving Splae = 0.003 nm, both of which are <0.03 atomic 
diameter and thus should not affect placement accuracy during 
mechanosynthesis. 

The in-plane stress pattern in a polycrystalline diamond film 
pressure sensor“°8 constructed of circular radius Regjm, thickness 
hgim, Poisson's ratio kyo; and Young’s modulus Egim, when clamped 
along the entire perimeter and loaded by normal pressure APfim, is 
maximized at the center of the disk where radial and tangential strains 
are equal and the in-plane stretch displacement is given by Sstretch = 
3 APgim Rgim? (1 - kepois”) / 8 Egim heim? Taking AP im = 3 atm, Rgim 
~ 0.5 Xexe = 110 nm, kpois ~ 0.1, Efim = 1.05 x 10!7 N/m?, and heim 
= 10 nm, then in-plane wall stretch Sgrerch = 0.002 nm or <10° nm 
per carbon wall atom, which is orders of magnitude too small to 
affect atomic placement accuracy during mechanosynthesis. 

The assembler shell must also be stiff enough to provide a base 
for positioning the Stewart platform to within a fraction of an atomic 
diameter near room temperature in the face of thermal noise. The 
bending stiffness of a clamped square plate of edge Dita 267 ig given 
by kpending = Eptate bse /(12 Liter a- kpois”)) and the positional 
uncertainty7°% of the plate surface due to thermal noise is SpendingkT 
~ (kT / kpending)?. Taking Epjate = 1.05 x 10!? N/m?, hptare = 10 nm, 
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kpois ~ 0.1, k = 1.381 x 1079 J/molecule-K, T = 273.15 K, and Lplate 
~110 nm, then kpending = 7-3 N/m and Spendingkt ~ 0.02 nm or ~0.1 
atomic diameter, thus satisfying our minimal shell stiffness require- 
ment. Stiffness scales as the cube of the wall thickness, so a small 
increase in wall thickness would be sufficient to compensate either 
for the uncertainties in this estimate or to increase stiffness and fur- 
ther reduce positional uncertainty if this proves necessary. 

The present assembler shell design — essentially comprised of 
six solid walls forming a rectangular box — was selected for sim- 
plicity and was not optimized for stiffness achieved per wall atom. 
At the cost of increased structural complexity, wall atom count could 
be reduced without sacrificing stiffness by introducing hollow re- 
gions into the wall as, for example, in honeycomb plate,*™ allow- 
ing thicker walls and drastically increasing stiffness. Introducing a 
single floor to ceiling beam in the middle of the floor would greatly 
increase stiffness for a very modest increase in atom count. Numer- 
ous other methods exist for improving stiffness with a similar num- 
ber of atoms or for maintaining the same stiffness with fewer at- 
oms. We do not explore these approaches here because the present 
design appears sufficient for our purposes. 

Finally, during manufacturing operations the assembler, suspended 
in liquid n-octane, may collide with other objects of like size (e.g., 
parent or daughter assemblers, product objects, etc.) or with the walls 
of the reaction chamber. Both the sedimentation terminal velocity 
Vterminal = 0.037 micron/sec for an assembler falling in liquid n-octane 
at 1 g (Section B.1) and the Einstein diffusion velocity vdiffuse 
~ kT / 3a Moolvent Lassembler’ ~ 58 microns/sec for a diffusion distance 
of one mean assembler dimension Lassembler ~ 100 nm in solvent with 
absolute viscosity Nsolvent ~ 7-004 x 10% Pa-sec (n-octane at 273.15 
K)?!!° are dominated by the instantaneous assembler thermal veloc- 
ity Vthermal ~ (3 kT / Massembler) /” = 64,000 microns/sec.778 A colli- 
sional impact of kinetic energy Eimpace = (1/2) Massembler Vines = 
5.7 zJ (~2 kT) wherein the colliding assembler is brought to a halt in 
one atomic diameter (Xpa ~ 0.15 nm) imparts an impact force of 
Fimpact = Eimpact / Xhale = 38 pN; given the high stiffness of diamond 
and a velocity of onset of the point force far below the speed of sound 
in diamond (V¢hermal << Vdiamond = 175300 m/sec’), the applied pres- 
sure may be crudely approximated as a uniform normal pressure on a 
clamped plate, of order ~Fimpact / Xext Yext ~ 0.015 atm << Pax = 3 
atm, yielding a negligible out-of-plane deflection of Sptare ~ 0.00002 
nm and a negligible in-plane wall stretch of Sstretch = 0.00001 nm. 


B.6 Wall Stiffness During Internal Mechanical Activities 


During manufacturing operations, various mechanical forces are 
generated inside the assembler and are ultimately transmitted to the 
walls, possibly producing unwanted wall deflections. Typical forces 
may include up to ~60 pN backpressure on the materials transport 
mechanisms, ~568 pN during each double-band stroke of the acous- 
tic transducer (Section B.4.2), and up to ~17,740 pN for the most 
demanding possible mechanosynthetic operation which would in- 
volve the one-step mechanical decomposition of the acetylene triple 
carbon bond (a step not currently contemplated in any proposed 
mechanosynthetic sequence). Thus in the worst possible case, a me- 
chanical point force of Fyoin: ~ 17,740 pN applied to the center of 
the largest wall would produce the largest possible out-of-plane wall 
deflection. Given the high stiffness of diamond and a velocity of 
onset of the point force far below the speed of sound in diamond, 
the applied pressure may be crudely approximated as a uniform nor- 
mal pressure on a clamped plate, of order ~Fpoint / Xexe Yexe ~ 7 atm 
(-2P max), yielding a very small out-of-plane deflection of Splate 
~ 0.01 nm anda negligible in-plane wall stretch of stretch = 0.005 nm. 
Applied point forces inside the molecular assembler will normally be 
2 orders of magnitude smaller than this worst case condition. 
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Forced oscillations due to mechanical resonance with cyclically 
applied internal forces are highly unlikely because the assembler 
should have natural resonant frequencies of Vyesonance > 79 GHz (Sec- 
tion B.4.4.3) which are ~4 orders of magnitude above the driving 
frequency of Vacoustic = 10 MHz, and also because the many me- 
chanical structures attached to the inner surfaces of internal walls 
provide additional damping. 


B.7 Wall Sublimation and Mechanical Depassivation 
Contamination 

Wall materials potentially can sublimate into the interior 
vacuum of the device, the solid establishing equilibrium with its 
vapor at a temperature-dependent vapor pressure. However, this 
process should produce negligible effluent at room temperature 
for likely assembler building materials such as diamond.*”8 A 
volumetric number density of less than one wall-material atom 
per Vine (0.00054 micron’) — e.g., a perfect vacuum inside the 
assembler — equals a contaminant partial pressure of <2 x 10°!! 
atm. To reach this vapor pressure, pure carbon (e.g., graphite*”°) 
must be heated to >2000 K; at an assembler operating tempera- 
ture of ~273 K, the vapor pressure of fully bonded wall carbon 
can be estimated?!61-7! as only ~10°!? atm. (The vapor pres- 
sures of various fullerenes at elevated temperatures have been 
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measured**”? as ~3 x 10° atm at 693 K*?”? and ~10° atm at 773 
K°274 for Coo.) Drexler?°® estimates the characteristic thermal 
cleavage time for unstressed 556 zJ C-C bonds in diamond as 
~10* sec at 300 K and ~10"* sec at 700 K. 

Ina perfect vacuum, unstressed polished hydrogenated diamond 
surfaces remain chemically and mechanically stable up to ~1275 K, 
although above this temperature the passivating hydrogens are re- 
moved and crystallographic surface reconstruction begins.**”? Thus 
it is unlikely that passivating hydrogens on the interior surfaces of 
assembler diamond walls will spontaneously debond, contaminat- 
ing the interior environment. The energy barrier for hydrogen ab- 
straction from hydrogen passivated diamond surface has been esti- 
mated as ~7.7 kcal/mole*!? or ~53.5 zJ/atom, roughly the energy 
liberated by the application of a force of ~270 pN applied through 
a distance of ~ one atomic diameter. Since this is only slightly higher 
than forces commonly applied by the Stewart platform manipula- 
tors, a sufficiently sharp impact between such a manipulator and 
the inside walls could mechanically depassivate hydrogen into the 
device interior. Hydrogen atom bombardment of hydrogenated dia- 
mond surface has also been shown to abstract surface hydro- 
gens.°?7°3?77 However, this failure mode is unlikely to occur in a 
continuously positionally-controlled mechanosynthetic manufactur- 
ing environment. 
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